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The light–oxygen–voltage sensitive (LOV) domain subset of the PAS superfamily is a ubiquitous
photoreceptor class that enables organisms across multiple kingdoms to sense blue light. LOV photoreceptors
are modular flavin-binding proteins that consist of discrete sensor and effector domains. Blue-light drives a
LOV sensor to trigger a conformational change in photoreceptor structure that ultimately regulates the
biochemical function of one or more of its fused effectors. The nature by which LOV photoreceptors vary in
their sensor-effector domain combinations allows for light-gated regulation by a single-photoreceptor class of
diverse physiological processes across species in varied ecological settings that underlie circadian rhythms,
virulence, phototropism, and stress responses.
Here, we report the bioinformatics identification of over 6,700 candidate LOV domains and their annotation
for sensor-effector topology and inferred ontological function. In addition to nearly tripling the number of
reported LOV sequences, we identified several classes of LOV proteins with predicted sensor-effector pairings
that were previously unknown or considered rare and thus have yet to be functionally characterized, including
photoreceptors with LOV sensors and Regulator of G-protein signaling (RGS) and PAS homology effectors
(“RGS-LOV-PAS”) in dikarya fungi and brown algae. We report the experimental characterization of two
bioinformatics-identified fungal RGS-LOV-PAS photoreceptors, BcRGS5 from B cinerea and CeRGS from C.
europaea, that rapidly localize from cytoplasm to the plasma membrane upon blue-light illumination in a
heterologous mammalian cell expression system. Dynamic membrane localization by BcRGS5 is mediated by
a light-switchable high affinity electrostatic interaction with anionic phospholipids. The seconds-timescale
membrane-recruitment, likely driven by a conserved lipid-binding amphipathic helix, may serve to potentiate
RGS effector activity on membrane-bound binding partners in the native fungal organism. As neither LOV
photoreceptors nor RGS proteins nor PAS sensory proteins are known to traffic by light-gated and direct
association with phospholipids, this work establishes a novel photosensory signaling mechanism for multiple
protein classes and highlights the value of applying genomic technologies to diverse organisms to capture
photosensory protein diversity that is vastly important in adaptation, photobiology, and optogenetics.
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ABSTRACT 
 
BIOINFORMATICS-GUIDED DISCOVERY AND FUNCTIONAL CHARACTERIZATION 
OF LIPID-BINDING LOV PHOTORECEPTORS 
 
Spencer T Glantz 
Brian Y Chow 
 
The light–oxygen–voltage sensitive (LOV) domain subset of the PAS superfamily 
is a ubiquitous photoreceptor class that enables organisms across multiple kingdoms to 
sense blue light. LOV photoreceptors are modular flavin-binding proteins that consist of 
discrete sensor and effector domains. Blue-light drives a LOV sensor to trigger a 
conformational change in photoreceptor structure that ultimately regulates the 
biochemical function of one or more of its fused effectors. The nature by which LOV 
photoreceptors vary in their sensor-effector domain combinations allows for light-gated 
regulation by a single-photoreceptor class of diverse physiological processes across 
species in varied ecological settings that underlie circadian rhythms, virulence, 
phototropism, and stress responses. 
 
Here, we report the bioinformatics identification of over 6,700 candidate LOV 
domains and their annotation for sensor-effector topology and inferred ontological 
function. In addition to nearly tripling the number of reported LOV sequences, we 
identified several classes of LOV proteins with predicted sensor-effector pairings that 
were previously unknown or considered rare and thus have yet to be functionally 
characterized, including photoreceptors with LOV sensors and Regulator of G-protein 
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signaling (RGS) and PAS homology effectors (“RGS-LOV-PAS”) in dikarya fungi and 
brown algae. We report the experimental characterization of two bioinformatics-identified 
fungal RGS-LOV-PAS photoreceptors, BcRGS5 from B cinerea and CeRGS from C. 
europaea, that rapidly localize from cytoplasm to the plasma membrane upon blue-light 
illumination in a heterologous mammalian cell expression system. Dynamic membrane 
localization by BcRGS5 is mediated by a light-switchable high affinity electrostatic 
interaction with anionic phospholipids. The seconds-timescale membrane-recruitment, 
likely driven by a conserved lipid-binding amphipathic helix, may serve to potentiate 
RGS effector activity on membrane-bound binding partners in the native fungal 
organism. As neither LOV photoreceptors nor RGS proteins nor PAS sensory proteins 
are known to traffic by light-gated and direct association with phospholipids, this work 
establishes a novel photosensory signaling mechanism for multiple protein classes and 
highlights the value of applying genomic technologies to diverse organisms to capture 
photosensory protein diversity that is vastly important in adaptation, photobiology, and 
optogenetics. 
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CHAPTER 1: Background and Motivations 
 
1.1 Photosensory proteins 
 
Perceiving and responding to visible light cues is critical for the growth, 
development and survival of the majority of life. Organisms have evolved exquisite 
adaptations for processing rich non-visual information transmitted by sunlight, which is 
essential for maintenance of circadian rhythms, synchronization with seasonal cycles, 
spatial orientation and positioning in complex environments as well as avoidance of 
potentially-damaging solar radiation, among other critical processes (189). Photosensory 
proteins and photoreceptors mediate the important task of detecting both the presence 
and character of light. Photoreceptors transduce light-detection events from one or more 
covalently or non-covalently bound light-absorbing chromophores to downstream 
signaling components. By virtue of sensing the intensity, spectral distribution, direction, 
and polarization of environmental light sources, photoreceptors serve as vital inputs for 
organismal decision-making (16). 
 
1.2 Photoreceptor classes  
 
Photoreceptors are found in species from all kingdoms of life and are typically 
distinguished by the spectral quality of the light they sense, and, thus, classes are 
defined according to the identity of their bound chromophore moiety. Visible light sensing 
photoreceptors include the retinal-binding rhodopsins, linear-tetrapyrrole binding 
phytochromes and bacteriophytochromes, 4-OH-cinnamic acid binding xanthopsins, 
carotenoid binding orange carotenoid proteins, and flavin-binding blue-light sensitive 
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proteins, which may be further discriminated into distinct subfamilies based on sequence 
homology and photochemical characterization (16, 160, 239, 258). Of these, red-light 
sensitive phytochromes, integral membrane rhodopsins, and flavin-bound blue-light 
sensitive proteins are of particular interest given their use as optogenetic tools in 
engineered systems for the precise perturbation of cellular physiology with visible light 
(176). 
 
1.2.1 Phytochromes 
 
Early studies in plants demonstrated that red-light regulation of plant growth and 
development is mediated by linear tetrapyrrole (bilin) binding chromoproteins known as 
phytochromes (28). Phytochromes bind bilin chromophores via a thioether linkage and 
are red-absorbing (660 nm max) in their most thermodynamically stable form (Pr) (64, 
115). Absorption of red-light drives a cis-trans isomerization event; the consequently 
generated far red absorbing (730 nm max) Prf form of the bilin may thermally relax back 
to Pr in the dark on an hours time scale, or via fast far-red light photoconversion to the 
Pr ground state (63). By switching between two photointerconvertible forms, the linear 
tetrapyrrole moiety enables light-switchable conformational change in the phytochrome 
tertiary structure, which ultimately drives physiological responses in plants that include 
germination, de-etiolation, shade avoidance and onset of flowering (63). Sequencing 
phylogenetically diverse species has revealed phytochrome-like proteins among bacteria 
that play equally varied roles in microbial responses to red light (92, 194).  
 
Phytochrome signaling proteins can also be adapted as genetically encoded 
light-control systems in heterologous systems. Specifically, the Arabidopsis thaliana 
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phytochrome B (PhyB) protein, which binds its phytochrome interaction factor 3 (PIF3) 
partner only in the red-light exposed state, can be exploited as a tool for reversible, red 
light-inducible protein-protein interactions. By engineering chimeric fusions of PIF3 
and/or PhyB with additional non-light sensitive proteins or peptides, red and far-red light 
control can be conferred to a number of functions that depend on protein-protein 
interactions, including subcellular localization (130), gene expression (207) and protein-
splicing (227) in heterologous model organisms. Importantly, the phycocyanobilin (PCB) 
chromophore that mediates PhyB light-sensing is only present in certain photosynthetic 
organisms, and thus engineered control over PIF/Phy protein-protein interactions in 
heterologous organisms requires either direct cellular delivery of PCB or the expression 
of PCB-producing biosynthetic enzymes (73, 164). 
 
1.2.2 Rhodopsins 
  
Like phytochromes, retinylidene proteins, or rhodopsins, are found among both 
prokaryotes and eukaryotes. Extensive crystallography and structural biological insights 
have shown that rhodopsins are seven transmembrane alpha helical proteins that bind a 
retinal chromophore in an internal pocket via a conserved lysine in the seventh helix. A 
photoisomerization event converts 11-cis retinal to all-trans-retinal, which diffuses out of 
the chromophore binding pocket, and, in turn, triggers signal transduction by the 
photoexcited rhodopsin (211). Natural rhodopsins vary significantly in their spectral 
sensitivity, and to date, algal channelrhodopsins alone have been shown to maximally 
respond to light from blue (430 nm) to yellow (590 nm) wavelengths, with an even 
broader off-peak range of sensitivity (118). Rhodopsins may be grouped into two 
families. Receptor proteins in higher eukaryotes play critical roles in animal eyes, serving 
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as the photosensitive receptors for vision, as well as in other non-occular tissues (211). 
Microbial rhodopsins drive light-activated ion-transport across the plasma membrane, 
which can mediate processes such as phototaxis in native organisms. 
 
Intracellular ion concentrations are critically important for cellular signaling, and 
thus ion-transporting microbial rhodopsins are widely used as optogenetic tools in 
heterologous systems and especially for electrical control of excitable cells, such as 
neurons (23, 245). By selectively admitting or pumping ions through light-activated 
channels or pumps respectively, rhodopsins can effectively depolarize (in response to 
cation transport) or hyperpolarize (in response to anion transport) neurons, leading to 
neural activation or silencing respectively in genetically targeted cells (36, 81, 82, 85, 
118, 250). Targeted neural activation and silencing with spatiotemporal control provides 
a fundamentally new avenue for studying the behaviors driven by given neuronal 
circuitry and its causal downstream effects on the rest of the nervous system (24). In 
contrast to phytochromes, functional heterologous expression of rhodopsins does not 
require exogenous supplementation with cofactors as retinal is sufficiently abundant 
across a wide range of model systems (37). 
 
1.2.3 Flavin-binding blue-light sensitive photoreceptors 
 
Several flavin-binding photoreceptor families underlie the nuanced organismal, 
biochemical and molecular responses to blue-light that have been observed across 
species from multiple kingdoms of life. In contrast to retinal and bilin chromophores that 
signal as a result of photoisomerization, the basis of flavin photoactivity is electron-
transfer to a thermodynamically stable, fully oxidized flavin and consequential flavin 
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reduction to a one-electron reduced (semiquinione) or two electron-reduced 
(hydroquinone) excited state, both of which can exist in distinct protonated or non-
protonated forms (139, 258) (Figure 1.1A). Photoreduction events at the chromophore 
binding site are the basis for conformational switching in the blue-light sensors that 
subsequently drives biochemical responses. While photoreceptors can bind a variety of 
riboflavin derivatives, they most typically associate with flavin adenine dinucleotide 
(FAD) or flavin mononucleotide (FMN). Flavin-binding blue-light proteins may be further 
discriminated by virtue of their conserved sequence homology and photochemical 
signaling mechanisms into three primary families: the cryptochrome (CRY) family (175), 
blue light using FAD (BLUF) family (78) and light oxygen voltage (LOV) family (45). 
Importantly, since flavin cofactors are readily available and abundant in a vast number of 
cell types, crptyochomes, BLUFs and LOVs can be heterologously expressed in a 
number of model systems as fully genetically encoded proteins.  
 
Cryptochromes are FAD-binding domains that are found in both plants and 
animals and structurally resemble photolyases, but do not function in DNA repair (2, 
258). Instead, blue-light absorption drives changes in cryptochrome tertiary structure that 
potentiates signaling responses primarily via 2 mechanisms: (i) light-inducible protein-
protein interaction and (ii) oligomerization into clusters known as “photobodies,” which 
can effectively sequester cryptochrome binding partners (243). Cryptochromes are 
important for circadian rhythms, photomorphogenesis, and photoperiodism in plants and 
play roles in circadian rhythms and possibly magnetic-based directional sensitivity in 
animals (2, 32). However, cryptochrome signaling, and, in particular, signaling by the 
Arabidopsis thaliana cryptochrome AtCRY2, has also been exploited for the 
development of engineered light-responses. AtCRY2 binds the cryptochrome-interacting 
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basic-helix-loop-helix (CIB1) protein in a light-dependent manner. Thus, much like the 
PhyB/PIF phytochrome pair, engineered AtCRY2 and CIB1 fusions have enabled blue-
light control over a number of protein-protein interaction-mediated processes, including 
subcellular localization, gene expression, and DNA recombination (116). Light-inducible 
oligomerization of AtCRY2 fusion proteins has also been adopted as a means of either 
sequestering a protein-of-interest to a photobody to inhibit its signaling activity, or 
activating processes naturally stimulated by clustering for the control of diverse cellular 
processes, such as clathrin-dependent endocytosis and actin polymerization (220, 252). 
 
In contrast to cryptochromes, phytochromes, and rhodopsins, all of which encode 
both sensory and signaling functionality in a single conserved polypeptide sequence, 
LOV and BLUF domains are both small, conserved blue-light sensors only and can 
couple with diverse effector domains in multi-domain signaling proteins (258). Thus, LOV 
and BLUF sensors are unique in their coupling to an especially vast number of functions 
that in turn, drive myriad physiological processes. Among LOVs and BLUFs, blue-light 
sensing differs primarily at the photochemical, structural and ecological levels, where 
LOVs are FMN or FAD binding domains with PAS fold structures that are widely 
distributed across eukaryotes and prokaryotes while BLUFs are primarily prokaryotic and 
have ferrodoxin-like folds that exclusively bind FAD (41). The nature by which modular 
BLUFs and LOVs both couple blue-light sensing to a number of different output domains 
makes them inherently attractive for optogenetic applications involving expression of 
either full-length proteins that retain their diverse natural functions or as chimeras of 
natural sensors with effector domains of interest. To date, BLUFs have had relatively 
limited use in engineered systems, primarily for blue-light control over gene expression 
(147) and cAMP signaling (41).  In contrast, LOVs have been extensively adapted for 
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optogenetic applications, likely due to their defined sensor-effector signal transduction 
mechanisms – such as light-inducible relief of effector domain steric-hindrance via 
sensor-effector linker unfolding – that can be readily used to confer photosensitivity to 
new effectors as well as their known tunable kinetics by over 4 orders of magnitude (41, 
181). Thus, LOVs represent especially promising starting points for engineering new 
dynamic gain-of-function optogenetic tools.  
 
Elucidating the effector function diversity as well as the diversity in multi-domain 
structural arrangements of LOV sensors and effectors would advance the development 
of LOV-based optogenetic reagents by deepening collective understanding of what 
processes are dynamically regulated by light and how these varied signals are 
transduced by a modular protein architecture in response to a common blue-light 
stimulus. However, given the ubiquity of LOVs across multiple kingdoms of life, 
establishing LOV functional diversity experimentally is inherently challenging. This thesis 
revolves around the central hypothesis that LOV signaling functions can be inferred from 
sequences annotated for their sensor-effector domain topologies such that we can 
pursue bioinformatics-guided discovery of LOVs with new functions. 
 
1.3 LOV photoreceptors 
 
1.3.1 LOV structure 
 
The LOV domain subset of the Per-aryl hydrocarbon receptor nuclear translocator 
(ARNT)-Sim (PAS) superfamily is a ubiquitous photoreceptor class that enables 
organisms across multiple kingdoms to sense blue light (38, 45, 92, 121, 258). Briggs 
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and colleagues first identified LOV domains as the flavin-binding blue-light sensors 
responsible for photoreceptor kinase activity underlying phototrophic phenomena in 
Arabidopsis thaliana (38, 39, 132). Subsequently, LOV domains were identified across 
multiple kingdoms of life in additional blue-light sensing proteins, including in white-
collar-1 (WC-1), a DNA-binding protein that drives light-inducible transcriptional 
responses, including circadian rhythm maintenance, in the model fungus Neurospora 
crassa (87). Structurally, LOV domains have a canonical PAS fold, composed of a 
central 5-stranded antiparallel β-sheet and α-helices, but among PAS proteins, they 
uniquely form the core ~110 amino acid domain around a photoactive flavin  
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Figure 1.1 Flavin photochemistry and the LOV photocycle.  
 
(A) Flavin cofactors can adopt a number of different redox and protonation states, where 
chemistry and covalent adduct generation typically occurs at the C4a and N5 flavin positions. 
Image reproduced from figure 1 of reference (133, 258) (B) AsLOV2 (Protein Data Bank ID code 
2V0U) has a representative LOV structure, with a PAS core consisting of A and β-faces that are 
flanked by Ncap (yellow) and Ccap (red) structured extensions. Image adapted from figure 1 of 
reference (258) (C) In the canonical LOV photocycle, a flavin-cysteinyl photoadduct forms at the 
C4a position, which thermally decays at a characteristic rate, Tauoff. (D) Photoadduct formation 
alters the LOV visible absorption spectrum by diminishing the 400-500 nm absorbance 
characteristic of non-covalently bound flavin cofactors in the dark. Image reproduced from figure 
1 of reference (181). 
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chromophore (Figure 1.1B) (157). At the sequence level, the most prominently 
conserved GX(N/D)C(R/H)(F/I)L(Q/A) motif maps to the flavin-binding pocket and 
contains the active site cysteine key for mediating blue-light triggered structural 
rearrangements during the LOV photocycle (77). 
 
1.3.2 LOV photochemistry 
 
Dark-adapted LOV proteins contain a non-covalently bound flavin in its fully 
oxidized state and thus maximally absorb blue light, exhibiting a 450 nm absorbance 
peak that has vibronic structure at 425 and 475 nm (181, 218, 258). Photon absorption 
rapidly promotes the chromophore into an excited singlet state that subsequently 
undergoes intersystem crossing to form a flavin triplet state, which, in turn, results in 
electron transfer from the active site cysteine. Formation of a covalent cysteinyl-flavin 
adduct in the LOV sensor core triggers protonation of the N5 position in the flavin 
isoalloxazine ring (Figure 1.1C). In their lit state, LOV sensors exhibit severely 
diminished blue-light absorbance and increased near UV absorption (390 nm peak) 
(Figure 1.1D) (218). Although flavin-cysteinyl adduct formation is critical to the most 
highly conserved and consensus version of the LOV photocycle, natural LOV sensors 
that lack the active-site cysteine can still drive blue-light signaling responses via 
photoreduction of the flavin to the natural semiquinone and may represent the 
evolutionary origins of the photoreceptor family (246). 
 
The cysteinyl-flavin adduct thermally decays in the dark to the ground state at a 
characteristic rate that may vary from seconds to days, depending on the unique 
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structural and chemical environment that surrounds the flavin in a given LOV sensor 
(156, 168, 183, 187, 203). Photocycle lifetimes may be important for determining the 
irradiance response in native environmental settings where slower off-kinetics are 
associated with higher sensitivity to low light conditions (181, 260). Extensive structural 
analysis and site directed mutagenesis has demonstrated that LOV structure and 
chemistry in the flavin-binding pocket can affect photocycle lifetimes via three primary 
mechanisms, namely (i) situation of the active-site cysteine relative to the flavin C4a 
atom with which the photoadduct forms (ii) stability of the photoreduced and N5 
protonated flavin and (iii) solvent access to the sensor core (54, 249, 257, 259). These 
three mechanisms also provide avenues for the intentional manipulation of LOV sensor 
structure and chemistry for the purpose of tuning photocycle lifetime kinetics to optimize 
the performance of optogenetic tools that contain natural LOV sensors (257). 
 
1.3.3 LOV signal transmission mechanisms 
 
The nature by which conserved LOV sensor domains couple to short terminal 
linkers in “short LOV” proteins or diverse effector domains in multi-domain signaling 
proteins raises important questions regarding how signals propagate from the sensor 
domain to a variety of effector types. Signal propagation begins when blue-light induced 
electron transfer to and N5 protonation of the flavin results in increased flavin electron 
density and altered hydrogen bonding in the LOV sensor that drives the rotation of a 
conserved glutamine in the active site and structural rearrangements in the LOV β-
scaffold (167). The canonical LOV sensor is flanked by N and C terminal regions as 
shown in Figure 1.1B, known as the Ncap and Ccap respectively, which are structured 
and dock on the LOV β-scaffold (84, 86). Structural rearrangements in the LOV β-
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scaffold propagate to the docked Ncap and Ccap, and, ultimately, conformational 
change in the overall protein tertiary structure transduces a photosensory input into 
biochemical signaling outputs (167, 258). 
 
Gardner and colleagues first showed that the Avena sativa phot1 LOV2 
(AsLOV2) domain propagates signals via the undocking and unfolding of an amphipathic 
helix (Jα) in the Ccap (84, 86). Upon blue-light absorption, destabilization of a stable Jα-
β-scaffold interaction results in Jα unfolding and constitutive activation of the 
downstream serine/threonine kinase effector (Figure 1.2A). An alternative signal 
transmission model has emerged for the bacterial photoreceptor YtvA from B. subtilis, 
which is a stable head-to-head dimer in the dark. Instead of docking against the β-sheet 
scaffold as in AsLOV2, C-terminal YtvA Jα helices extend from the dimeric LOV sensors 
as coiled-coils. The LOV sensor propagates light-induced structural change to the Jα 
much like for AsLOV2, but in YtvA, blue light alters the Jα helical tilt and results in a 4-5º 
rotation of the two monomers relative to each other (Figure 1.2B). This rotational 
movement activates the C-terminal STAS domain effector (156, 158). A third model of 
signal transmission involves light-induced change in photosensor oligomeric state due to 
Ncap or Ccap rearrangements that may induce or disrupt homodimerization. The fungal 
photosensor VVD, from Neurospora crassa, is a monomer in the dark. Light-induced 
disruption of the Ncap β-scaffold interaction results in Ncap-mediated VVD dimerization 
and functional activation (255, 256) (Figure 1.2C). The EL222 photosensor from the 
marine bacterium E litoralis also exhibits light-induced dimerization, but via a Ccap 
rearrangement mechanism (Figure 1.2D). In contrast to EL222 and VVD, the short LOV  
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Figure 1.2 Diverse signal transmission mechanisms for LOV proteins. 
(A) AsLOV2-type signaling involves a Ccap-mediated unfolding event that disrupts Jα helix 
docking on the LOV sensor and ultimately activates a fused effector. (B) The tilting/rotation 
model, as supported by signaling models of YtvA, involves signal propagation from sensor to 
effector via rotation of extended, coiled-coil Jα helices. Dimerization signal transmission 
mechanisms can be both (C) Ncap-mediated as for VVD or (D) Ccap mediated as for EL222. 
Entire figure reproduced from figure 6 of reference (92). 
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RsLOV from R. sphaeroides is a stable dimer in the dark, but disruption of Jα-helix 
mediated dimerization results in blue-light induced dissociation into short LOV 
monomers (43). 
 
1.4 LOV photoreceptor diversity 
 
1.4.1 Diverse physiological roles for LOV photoreceptors 
 
The nature by which LOV photoreceptors vary in their sensor-effector domain 
combinations allows for light-gated regulation by a single-photoreceptor class of diverse 
physiological effects across species in varied ecological settings. The most prevalent 
and well-studied LOV photoreceptors have functional roles in signaling (e.g. 
phototropins, LOV-histidine-kinases), transcriptional regulation (e.g. aureochromes, 
LOV-Helix-Turn-Helix proteins) and regulating protein-protein interactions (e.g. short 
LOVs, LOV-Fbox-Kelch proteins) (77). These effector functions drive physiological 
responses to blue light that underlie circadian rhythms (103), virulence (219), 
phototropism (132), and stress responses (12). 
 
1.4.2 Bioinformatics approaches for photoreceptor discovery 
 
Given the important physiological roles that LOV photoreceptors play, there is 
much interest in taking advantage of genomic technologies to identify new putative LOV 
photoreceptors among species across multiple kingdoms of life. Establishing LOV 
photoreceptor discovery across varied ecological settings may serve to further elucidate 
effector functional diversity, deepen collective understanding of what cellular adaptation 
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processes are dynamically regulated by light and uncover new mechanisms for signal 
transmission by a common sensor to effectors of varied structure and function, which in 
turn could lead to the invention of new optogenetic reagents and the discovery of new 
engineering principles for improving LOV-based optogenetic tool performance. 
 
The earliest bioinformatics efforts to broadly establish LOV photoreceptor 
diversity consisted of Basic Local Alignment Search Tool (BLAST)-based analysis of 
published sequences in the NCBI GenBank database (45, 108). The ability to identify 
new candidate LOV proteins that may diverge in sequence from known LOV proteins is 
an inherent challenge of BLAST-based searches. Jaeger and colleagues built on 
previous studies that used a single LOV sensor as the BLAST query sequence by 
deriving a position-specific scoring matrix (PSSM) from a multiple sequence alignment of 
more than 10 LOV sensors from plants, fungi and bacteria (121). The PSSM profile is 
weighted according to the degree of conservation at each position along the multiple 
sequence alignment, where highly conserved positions are assigned high scores and 
weakly conserved positions receive low scores. The PSSM can then be used in place of 
a query sequence to conduct a Position-Specific Iterative BLAST (PSI-BLAST) search. 
Since the PSSM profile is weighted, the PSI-BLAST search does not treat every query 
position equally. By emphasizing the conserved positions, PSI-BLAST is far more likely 
to detect distantly similar sequences that share highly conserved motifs but are 
otherwise sequence divergent at less conserved positions (20).  
 
Gärtner and colleagues further de-emphasized weakly-conserved portions of the 
LOV sensor in a PHI-BLAST search. As a query, they used a single 20 amino acid LOV 
motif with highly conserved amino acids identified at just 4 positions, including the 
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active-site cysteine. By requiring a prominent alignment at just those 4 sites spaced 
within the 20 amino acid motif, detection sensitivity for divergent sequences was further 
enhanced and likely contributed to their identification of 1,390 prokaryotic LOVs, the 
largest dataset of LOVs that had been released at the time (138). 
 
Beyond scanning published sequences in existing databases, conducting new 
genomic, metagenomic or transcriptomic sequencing projects is an alternative path for 
LOV photoreceptor discovery. Kataoka and colleages identified five aureochrome 
orthologs among stramenophile species by extracting total nucleic acids, performing 
PCR with degenerate primers to identify LOV fragments, and subsequently performing 
3’- and 5’- prime rapid amplification of cDNA ends (RACE) reactions to determine the full 
length sequences of the new photoreceptor genes (108). Separate analysis of 
metagenomes from aquatic, soil, and extreme environmental samples yielded nearly 600 
new LOV proteins, including a LOV photoreceptor with an N-terminal Inclusion 
Membrane A (IncA) effector and C terminal GGDEF effector that could potentially 
mediate dynamic regulation of host infectivity by blue-light (177, 178). Interestingly, the 
combination of a LOV sensor with IncA and GGDEF effectors had not been documented 
prior to this metagenomic study, suggesting that genomic surveys of various ecological 
niches are valuable for expanding known sensor protein diversity. Furthermore, the 
natural LOV-Helix-turn-Helix DNA binding protein, EL222, was identified from the 
genome of E litoralis, a marine phototrophic bacterium isolated from the Sargasso Sea 
as a result of collaboration between the J. Craig Venter Institute and the Moore 
Foundation Microbial Genome Sequence Project (168). The fact that EL222 may be 
heterologously expressed in a variety of model systems, including mammalian cell lines 
and zebrafish, to drive light-inducible gene expression highlights the incredible value of 
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sequencing phylogenetically diverse species for the discovery of natural LOVs that can 
be repurposed for optogenetic applications as well.  (163). 
 
1.5 Goal of this thesis 
 
Light–oxygen–voltage sensitive (LOV) flavoproteins are ubiquitous 
photoreceptors that are of critical importance for: (i) the perception and integration of 
blue-light stimuli across multiple kingdoms of life, (ii) use in heterologous systems as 
natural or engineered optogenetic tools, and (iii) providing insights into the complex 
structural biochemical and biophysical underpinnings of signal transmission of blue-light 
detection events from a conserved sensor to variable effectors. An overarching goal of 
this thesis is to contribute to these three areas of active study by expanding known LOV 
photoreceptor functional diversity. First, I aim to generate a comprehensive catalog of 
LOV photoreceptor sensor-effector topologies and inferred functional diversity. I will build 
upon previous bioinformatics approaches for LOV photoreceptor discovery by using a 
fully automated computational pipeline to identify candidate LOVs and their conserved 
domains among both published sequences and 1000+ newly released transcriptomes 
from plants and protists. This work is presented in Chapter 2 and was published in 2016 
in the Proceedings of the National Academy of Sciences (77).  
 
Among the many insights we derived from the newly generated LOV 
photoreceptor catalog was the discovery of a class of LOV photoreceptors with N-
terminal Regulator of G-protein Signaling domains and C-terminal PAS-homology 
domains (Per-Arnt-Sim)  (RGS-LOV-PAS) conserved primarily among dikarya fungi and 
protists. A second major goal of this thesis is to validate that RGS-LOV-PAS proteins are 
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bona fide blue-light sensors and to establish their photosensory signaling mechanism. 
This work is presented in Chapters 3 and 4 and resulted in the identification of a new 
signal transmission mode for LOVs by which photoreceptors are dynamically membrane 
localized by direct, reversible light-triggered electrostatic interaction with anionic 
membrane phospholipids. Together, this body of work will inform what signaling 
mechanisms govern light-responsive behaviors across multiple kingdoms of life, how 
these signals are transduced and may also yield new optogenetic tools for perturbing 
intact biological circuitry. 
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CHAPTER 2: Establishing the functional and topological 
diversity of LOV Photoreceptors 
 
2.1 Introduction 
 
 The light–oxygen–voltage sensitive (LOV) domain subset of the Per-aryl 
hydrocarbon receptor nuclear translocator (ARNT)- Sim (PAS) superfamily is a 
ubiquitous photoreceptor class that enables organisms across multiple kingdoms to 
sense blue light (45, 92, 121, 138, 258). LOV photoreceptors consist of modular sensor 
and effector domains whose interactions are commonly mediated by α-helical linkers 
(86) (Figure 2.1A). Blue light absorption initiates the reversible formation of a flavin-
cysteinyl adduct in the LOV sensor hydrophobic core, triggering a conformational 
change in the overall protein tertiary structure that ultimately transduces the 
photosensory input into biochemical signaling outputs (45, 86, 92, 255) (Figure 2.1B). 
These signaling events—often mediated by clusters of conserved protein domains that 
are indirectly light-regulated downstream of the primary effector—exert diverse 
physiological effects that underlie circadian rhythms (103), virulence (219), phototropism 
(132), and stress responses (12), across species in varied ecological settings. LOV 
proteins are also invaluable optogenetic tools for light-gated physiological perturbation of 
genetically targeted cells, either as natural proteins or engineered variants (140, 160, 
163, 216, 236). Their modular design is advantageous for engineering chimeras 
between LOV sensors with effectors of choice, enabling strategies for dynamic gain-of-
function of arbitrary proteins in cells. Thus, elucidating the diversity in the repertoire of 
effector functions, as well as the diversity in multi-domain structural arrangements of 
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LOV sensors and effectors, will respectively deepen collective understanding of what 
cellular adaptation processes are dynamically regulated by light and how these highly 
varied signals are transduced by the modular protein architecture in response to a 
common blue-light stimulus. More broadly, because PAS proteins share conserved 
signal transmission mechanisms in response to various sensory inputs (157) that include 
light (e.g., LOV, phytochrome), ligands (e.g., Cache domains, PDC domains) (90), and 
oxygen (e.g., HIF proteins) (61), new insights into LOV structure–function will enhance 
the overall understanding of the PAS superfamily of sensory proteins.  
 
 The modular sensor–effector topology of LOV proteins facilitates automated 
bioinformatics strategies in discovery and annotation. Because the conserved domains 
are encoded in discrete stretches of DNA, their identities and linear arrangements can 
be parsed within a single ORF. Here, we report the development of a fully automated 
bioinformatics pipeline written in Python (Figure 2.1, C-E) that (i) identifies LOV sensors 
through motif analysis (13), (ii) identifies conserved domains in the up/downstream 
neighboring regions of the ORF via searches against the Pfam and Interpro databases 
(68, 109, 155), (iii) annotates predicted effector functions in computer-readable maps of 
LOV multi-domain structures, and (iv) maps the functional and topological distributions 
across archaea, bacteria, fungi, protists (which hereon include algae), and land plants. 
Building on insights from previous BLAST-based analyses of published sequences (45, 
92, 108, 121, 137, 138, 178), we implemented an approach that would enhance the 
detection of LOV sensors from recently sequenced organisms (including ones reported 
here) that may not resemble well-studied LOV proteins. 
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We identified 6,782 LOV proteins from ∼42 million ORFs (>5,700 organisms 
spanning two databases, Interpro and OneKP, the latter a recently generated collection 
of nearly 1,300 land plant and algal transcriptomes from >1,000 unique organisms) 
(148). The contributions here nearly triple the number of LOV sequences known and 
were chiefly derived from OneKP (4,163 from OneKP newly identified here vs. 2,619 
from Interpro, consistent with a recent report) (138). We find that when effectors are 
grouped by function irrespective of relative position to each other or the sensor, LOV 
proteins are described by 119 “functional clusters” of associated domains that describe 
the extent to which LOV domain-based signaling is adaptable to complex physiological 
outputs. Maps of linker sequence length between the sensor and most proximal effector 
reveal discretized banding, possibly supporting the notion that linker structure is often 
modular (158). Additionally, we find an increased prevalence of effector functions (as 
determined by gene ontology (GO)) previously thought to be rare among LOV proteins, 
particularly those potentially implicated in G protein signaling, small-molecule 
biosynthesis, and catabolism. These rare functions were found in recently sequenced 
dikarya, heterokonts, and species diverging early in the evolutionary lineage of green 
algae, highlighting the importance of sequencing diverse organisms to capture the 
functional space of photosensory proteins. We published this comprehensive discovery, 
analysis, and cataloging of LOV domain diversity in 2016 in the Proceedings of the 
National Academy of Sciences (77). This body of work will inform how light regulates 
organismal behavior, beget new optogenetic tools or protein-based photocatalysts, and 
create a foundation for uncovering new insights into LOV photoreceptor structure–
function and rational engineering principles through comparative structural genomics. 
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2.2 Results and Discussion 
 
2.2.1 Automated LOV Identification by de novo Motif Analysis 
 
 As shown in Figure 2.1, the pipeline identifies LOV domains by calculating a match 
score for candidate sequences to custom-developed LOV flavin-binding motifs, 
represented by position-weighted matrices that ascribe weights to various positions 
within a sequence pattern according to how strongly those positions are conserved. 
Because isolating motifs that relate to flavin binding and photocycling deemphasizes the 
highly variable sequence contributions of the effectors also found within the ORF, a 
motif-based search created a clear stringency cutoff for defining the obligate LOV sensor 
domain. Conserved motifs were identified using the Multiple Em for Motif Elicitation 
(MEME) tool (20), based on 18 well-characterized LOV proteins that were selected to 
reflect a breadth in structural and functional diversity among known sensors (Figure 
2.2A and Dataset S1). Two highly conserved motifs emerged, of 43 and 48 amino acids 
in length, which mapped to the flavin-binding pocket when projected onto the 3D 
structure of AsLOV2 from Avena sativa (Figure 2.2B) (84). Several sub-motifs had 
particularly high information contents, including a GX(N/D)C(R/H)(F/I)L(Q/A) submotif 
containing the key cysteine that forms the cysteinyl-flavin adduct during the LOV 
photocycle. Additionally, mutations to conserved residues in FXXXT(G/E)Y and 
N(Y/F)XXX(G/D)XX(F/L)XN submotifs are also known to impair blue-light sensation 
(249). It should be noted that although a covalent adduct can theoretically form between 
a flavin and non-cysteine residue, the key cysteine is considered obligate here to 
maintain consistency with the best characterized form of the LOV photocycle. 
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Figure 2.1 Automated bioinformatics pipeline to identify LOV proteins and analyze 
their functional and structural diversity. 
(A) Multi-domain topology of an LOV photosensor (or tandem sensors) fused to neighboring N- 
and/ or C-terminal effectors (negative and positive positions, respectively). (B) Transduction of 
photosensory inputs into signaling outputs through light-gated structural rearrangements between 
sensor and neighboring effector (s). (C–E) Automated cataloging of LOV proteins via Python 
scripts. (C) Motif-based sensor identification from OneKP and PAS InterPro databases, followed 
by quality control measures and a check for the conserved cysteine required for photocycling and 
signal transmission. (D) Annotation of up/downstream conserved domains within the protein 
cluster by Pfam and InterPro database queries and taxonomic specification of organism of protein 
origin by Entrez query. (E) Analysis of functional and structural diversity from the resultant 
computer readable maps, for nearest effector GO, sensor–effector linker length, and multi-domain 
positional likelihood and connectivity. 
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Figure 2.2 Motif-based identification of LOV proteins and discrimination from related 
non-LOV proteins.  
(A) Sequence logos for motifs 1 and 2, identified by the MEME tool for a training set of 18 LOV 
proteins selected to span a range of physiological functions, organisms of origin, and ecological 
niches and have been previously validated to photocycle. The cysteine that forms the cysteinyl-
flavin adduct during the photocycle is marked with a gray star and (B) Motifs 1 and 2 mapped 
onto the crystal structure of LOV2 from A. sativa (Protein Data Bank ID code 2V0U). The motifs 
encompass the flavin-binding pocket but not the linker region or the Ncap A’-alpha and Ccap J-
alpha helices (shown in gray). (C) Histogram showing the likelihood (log10 of e-value) that motifs 
1 and 2 are present in a given domain shows clear discrimination between known LOV sensors 
and closely related protein classes of non-LOV PAS proteins, BLUF domains, and other 
flavoproteins. When searching for the motifs in known test set LOV domains that were also in the 
training set, we applied a leave-one-out cross-validation scheme, in which the two sensor motifs 
were regenerated for the training LOV dataset minus one LOV photoreceptor, and the sensor 
motifs were then searched for with the MAST tool on the remaining LOV photoreceptor. Training 
and test sets are provided in Dataset S1. 
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Importantly, the analysis readily distinguishes a LOV domain from its most 
closely related protein domains, which include non-LOV PAS domains (including PYP, 
“photoactive yellow protein”) and other flavoproteins, including BLUF domain 
photoreceptors (“Blue-Light Using FAD”) (90) (137) (41, 104, 184) (Figure 2.2C and 
Dataset S1). The Motif Analysis & Search Tool (MAST) (13) was used to estimate the 
probability that both motifs were jointly present in a candidate protein, and a very clear 
distinction in e-values of the known LOV domains that comprised a “test set” (Dataset 
S1) versus related non-LOV proteins was found (see Methods). Given the large 
statistical separation between closely related proteins, we applied the automated query 
to two databases that would likely encompass the totality of potential LOV candidates: 
PAS-containing proteins cataloged in Interpro on structural grounds and OneKP on 
photobiology grounds. In total, 6,782 LOV-encoding sequences were discovered in both 
databases from analyzing ∼42 million ORFS from >5,700 organisms from archaea, 
bacteria, fungi, protists, and land plants.  
 
GenBank BLASTx analysis showed that 18% of newly identified OneKP-derived 
LOV candidates have multiple hits to a single existing protein sequence in the NCBI 
database after translating in multiple frames. This result may be indicative of natural 
variation between organisms or a frame-shift mutation introduced at the raw sequencing 
read level. This BLASTx result is consistent with findings in Figure A3.1, which 
assesses agreement between matching candidates derived from OneKP transcriptomes 
to literature-reported genome predictions of the same organism (one of the five matches 
varied by a possible frame shift). We have marked the corresponding GenBank entries 
with a hash sign (#) in Dataset S4, a comprehensive database of the fully annotated 
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LOV photoreceptors identified in this study. GenBank conducted the analysis on our 
behalf. 
 
2.2.2 Diversity of Nearest Neighboring Effectors 
 
The upstream and downstream sensor-neighboring regions were aligned to 
hidden Markov models of >14,000 conserved domain types from the Pfam database to 
identify (i) the primary or nearest neighboring effectors presumed to be directly 
modulated by the sensor, (ii) all conserved domains present in the protein-encoding 
region that are likely involved in the overall photosensory signaling pathway 
(abbreviations in Dataset S2), and (iii) the linker sequence length between sensor and 
primary effector. When no predicted Pfam effectors were found within 125 amino acids 
of the LOV sensor (roughly the size of a conserved domain but still within known 
sensor–effector linker length range), the candidate was triaged to an additional Interpro 
conserved domain search. When the nearest neighbor was another LOV sensor, similar 
to the tandem repeat architecture observed in LOV proteins from plants and algae (111), 
and also common to other mediators of protein–protein interactions (52, 110), the repeat 
was first collapsed into a single pseudo-domain called tandem LOV, and then the linker 
lengths and effector positions were recalculated from the termini of the tandem. Tandem 
LOVs were found only in land plants and protists (1,756 total, 37% of land plant LOVs, 
31% of protist LOVs) and never annotated as primary effectors. It should be noted that 
the interaction partner and/or most proximal effector to the LOV sensor in the tertiary 
protein structure might differ from the nearest neighbor in the linear polypeptide 
sequence and might not be encoded by a known conserved domain family. However, 
primary effectors and LOV signaling roles are routinely inferred from conserved domains 
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with the shortest sequence linker polypeptides to the sensor, and thus, the definition 
applied here is reasonable for a dataset of nearly 42 million ORFs. From here on, the 
linker length refers to the number of residues, unless specified as physical distance. 
 
 We identified 33 different primary effector types that are grouped according to their 
GO (Figure 2.3). Five primary effector categories accounted for 83.1% of the LOV 
proteins in the sample set: protein kinase (serine/threonine kinase), F-box, Short LOVs 
(with terminal peptide extensions, similar to the fungal LOV domain VIVID) (88, 203, 
255), histidine kinase (HisKA), and PAS domains that may serve to integrate multiple 
environmental inputs with light (159). Nearly 1/10th of the sample set (7.2%) had no 
conserved domain matches in Pfam or Interpro despite extensions of 125–1,000+ 
residues that are much longer than those of short LOVs. This architecture is observed in 
candidates from both InterPro and OneKP, and hence it is unlikely to be attributable to 
de novo sequence assembly artifacts (see Figure A3.1 for quality control assessments 
and direct comparisons between genome vs. transcriptome-derived reads of matching 
genes), although one must always keep open to the possibility of truncations introduced 
by variation at the level of raw read in CG-rich regions. It is possible that these LOV with 
no identifiable conserved domains mediate protein interactions analogous to short LOVs. 
For example, in the well-described VIVID protein, light alters both LOV homodimerization 
interactions and consequent interaction with the White Collar complex to form a 
heterodimer that competes with the activated White Collar homodimer (33, 100, 142). It 
is also possible that the sensor-flanking regions are enzymatic or binding domains that 
have yet to be classified as conserved domains. 
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 Several primary effector domains have not been previously described as LOV 
effectors to the best of our knowledge: GTP cyclohydrolase type II (five proteins from 
glaucophytes and chlorophytes), lipase (three proteins from chlorophytes), and 
glutamine amidotransferase (GATase, four proteins from chlorophytes) were all found 
more than once. We also found evidence that effectors previously thought to be rare 
may in fact be common—namely, 66 different proteins with regulator of G protein 
signaling (RGS) primary effectors from fungi (dikarya) and 11 proteins with primary RGS 
effectors and additional PAS effectors primarily from protists (heterokonts) (121) (48, 71, 
102, 178). Although the fungal proteins were initially defined as RGS-LOVs, subsequent 
bioinformatics analysis (see Chapter 3) revealed that they also contain C-terminal PAS 
homology domains. Thus, we will henceforth refer to all LOV photoreceptors with RGS 
and PAS effectors from fungi and protists as “RGS-LOV-PAS.” Our identification of PAS-
homology folds in fungal photoreceptors that conserved domain analysis only annotated 
for RGS effectors and LOV sensors highlights the limitation of using sequence-homology 
based approaches to identify effector domains and assign putative ontological functions, 
especially for sequences that may be evolutionarily divergent from known sequences. 
Whereas RGS-LOV-PAS proteins were previously thought to be rare, the newfound 
abundance of RGS-LOV-PAS proteins was similar to more commonly studied LOV 
proteins that contain BZIP, STAS (sulfate transporter and anti-sigma factor), HTH (helix–
turn–helix), and HLH (helix–loop–helix) domains.  
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Figure 2.3 Diversity in primary effector identity and ontological function.  
Primary effectors are separated by (A) archaea, (B) bacteria, (C) fungi, (D) protists, and (E) land 
plants. Effectors are defined as the nearest conserved domain to sensors with respect to primary 
structure. Tandem LOVs are collapsed and treated as a single sensor domain, with possible 
effector domains N-terminal to the first LOV domain and C-terminal to the second LOV domain in 
the sequence. Bar plots indicate the number of effector domains of a given GO (assigned by 
Pfam and Interpro) for a given kingdom on a log10 scale. Bars are colored and hatched according 
to the fractional number (linear scale) and type of effector domains found with a given ontology. 
The percent relative distribution is provided for primary effectors that are not readily 
distinguishable by the eye. The order of domains in each figure legend corresponds to the priority 
with which bars were stacked, such that leftmost domains are stacked first and rightmost domains 
are stacked last. The total number of LOV proteins found in each kingdom is provided as n. Full 
names of effector abbreviations are provided in Dataset S2. Fifteen candidate sequences of 
uncertain taxonomic origin (Incertae sedis) are omitted. 
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 LOV proteins with newly described functions were derived from recent 
sequencing collaborations (OneKP and the Fungal Genome Initiative) that greatly 
expanded the breadth of organismal representation, begging the question of whether 
evolutionary diversity, sheer number of LOV photoreceptor gene sequences available, or 
number of organisms queried is the primary determinant of observed LOV diversity. As 
detailed further in the following section, evolutionary diversity within a kingdom, and 
neither sample size nor number of organisms queried, determines the observed diversity 
and complexity of LOV architectures within the kingdom. 
 
2.2.3 Position and Connectivity of Multi-effector Clusters 
 
 Figure 2.4 shows the distribution of conserved domain positions relative to the 
sensor. Although both N- and C-terminal effectors are widely observed (negative and 
positive position number vs. sensor, respectively), different effector types preferentially 
locate to either N- or C-terminal to the sensor, with PAS, GAF, and RR as notable 
exceptions (although a preference is still largely maintained on a per kingdom basis). To 
illustrate which domains commonly associate in multi-domain structures, an adjacency 
analysis (6) was visualized in the Gephi platform for networked systems (15) (Figure 
2.5). Many architectural aspects are conserved (e.g., LOV/PAS, short LOV, and LOV 
with no identifiable conserved domains), whereas others are highly kingdom-dependent. 
For example, tandem LOVs and serine/threonine protein kinases were only observed in 
land plants and protists, possibly as a two-sensor mechanism to tune the sensitivity of 
the system as suggested for phototropins (40, 174). 
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Figure 2.4. Effector position distribution within multi-domain LOV proteins.  
 
Linear maps of multi-domain polypeptides are separated by (A) archaea, (B) bacteria, (C) fungi, 
(D) protists, and (E) land plants. The x-axis represents domain position relative to a single or 
tandem LOV sensor. Sensors are assigned the zero positions, and conserved effector domains 
are numbered in increasing value toward the termini (negative N-terminal, positive C-terminal). 
Bar height (log10 scale) represents the total number of domains of any type observed at a given 
relative position. Fraction of each stacked bar (linear scale) that is uniquely colored and hatched 
corresponds directly to the fraction of domains at the given position of a specific domain type. 
Domains that constitute <10% of the fraction of any position for any kingdom are placed in 
“Other.” The order of domains in the figure legend corresponds to the priority with which bars 
were stacked, such that LOV domains are stacked first and the “Other” category is stacked last. 
Full names of effector abbreviations are provided in Dataset S2. Fifteen candidate sequences of 
uncertain taxonomic origin (I. sedis) are omitted. 
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Figure 2.5 Network maps of conserved domain connectivity.  
Connectivity networks are separated by (A) archaea, (B) bacteria, (C) fungi, (D) protists, and (E) 
land plants. Nodes represent sensor or effector domains. Nodes are colored and hatched 
according to effector domain type, where a solid ring inside the node indicates a single hatch and 
a dashed ring inside the node represents a crosshatch (to be consistent with all other figures). 
Edges between nodes represent a fusion of two domains (here, limited to connections observed 
≥3 times for a kingdom), where edge weight corresponds to observed frequency of the 
connection on log2 scale. Networks originate at the N terminus, and arrows indicate the relative 
position of each domain in the polypeptide that culminates at the C terminus. Arrows that begin 
and end at the same node denote repeated effectors, with the exception of consecutive LOV 
sensors, which were grouped into tandem LOVs. Note that all pathways must pass through the 
LOV sensor in the diagrams. Full names of effector abbreviations are provided in Dataset S2. 
Fifteen candidate sequences of uncertain taxonomic origin (I. sedis) are omitted. 
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 The position and connectivity information in these structural topology maps provide 
conserved associations and ordering between effector domains, from which multistep 
signaling pathways and native physiological roles may be inferred. For example, clear 
associations are seen between HisKA, histidine kinase-like ATPases (H-ATPases), and 
response regulators (RRs) across multiple kingdoms that implicate an evolutionarily 
conserved two-component signaling pathway (124, 215). Obligate associations can 
likewise be inferred. For example, LOV-associated Kelch repeats are always preceded 
by F-boxes even though β-propeller–forming Kelch repeats (1) do not require them. We 
classified these topologies into 119 functional clusters of associated domains, regardless 
of order or domain stoichiometry (Dataset S3), with Figure 2.6 providing the 10 most 
prevalent clusters and their respective most common architecture. Importantly, sorting 
LOVs according to their functional cluster de-emphasizes the known function of the 
primary effector and instead highlights the potential for long-range interactions between 
sensors and one or more co-associating effectors fused in a single polypeptide to 
interact and produce complex physiological outputs that could not be driven by a single 
effector alone. Furthermore, looking beyond the nearest neighboring effector and 
considering distributed structure/function along the full-length protein calls to attention 
long stretches of amino acids that lack annotated conserved domains, and thus, may 
drive the discovery of structures and functions not encoded by known conserved 
domains but prove to be critical to photoreceptor function. Thus, collectively, the 119 
functional clusters reduce the overall protein architectural space and may facilitate 
physiological inferences by examining classes of domain associations instead of 
individual instances.  
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Figure 2.6 Grouping of conserved domains commonly associated in LOV proteins 
into functional clusters. 
(A) Ten most prevalent functional clusters of LOV proteins, where domains are grouped by 
composition, but independent of domain order and repeats. Frequency of occurrence is for each 
type of grouped domains or clusters, not individual domains. (B) Most common protein 
architecture for highly prevalent clusters (triangles, N terminus; squares, C terminus). Domains 
surrounded by brackets are commonly repeated, found n times total. Full names of effector 
abbreviations are provided in Dataset S2. 
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A computed complexity quotient, which quantifies domain architectural 
complexity as a function of both the number of domains and variety of domain types for 
a given set of proteins (6), shows that complexity across kingdoms varies widely, where 
bacteria exhibited the maximal overall architectural diversity (Figure 2.7A). There is a 
clear trend that LOV complexity is proportional to evolutionary diversity (as estimated by 
the number of phyla searched for photoreceptors per kingdom) but not the sample size 
of LOV candidates or organisms searched for photoreceptors per kingdom (Figure 
2.7B–D). Fungi interestingly lack architectural diversity with few conserved domains that 
are directly enzymatic (Figures 2.5C and 2.7A) and instead rely on binding mediators 
such as peptide flanks (short LOVs) and zinc fingers. However, as previously discussed 
with VIVID, such binding domains can orchestrate protein co-localization responses that 
drive complex multicomponent and multistep signaling pathways, even if the domain 
architectures of fungal LOVs are “simple.” Given the known GTPase accelerating protein 
(GAP) function of RGS effector domains, one might suspect that the signaling 
mechanism of LOVs with primary RGS effectors deviates from other fungal 
photoreceptors. However, as will be discussed in Chapters 3 and 4, functional 
characterization of fungal RGS-LOV-PAS revealed that the protein class exhibits light-
driven translocation from the cytosol to negatively charged lipid membranes, suggesting 
that its signaling mechanism is consistent with the known protein co-localization 
mediated mechanisms of fungal LOVs. 
 
2.2.4 Discretization in Sensor–Effector Linker Length 
 
 Linker sequence length was dependent on the primary effector type, with some 
effectors exhibiting highly discretized bands in linker length distribution (Figure 2.8). 
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Although some degree of effector-specific discretization is to be expected from common 
ancestry, the observed banding may also reflect key structure–function requirements for 
signal transmission. For example, the YF1 HisKA, a chimeric LOV engineered by 
substituting the cognate STAS effector from YtvA with a HisKA, exhibits cyclical 
light/dark effector behavior consistent with linker dependence on heptad periodicity; YF1 
variants that differ in linker length by multiples of 7 retain light-inducible activity, whereas 
those with non-heptad additions or deletions exhibit reversed or no functionality (see 
figure 4 of ref. (158)). The reported finding suggests that sensor–effector orientation is 
more critical than inter-domain physical distance for natural or preformed dimers with 
extended coiled-coil linkers. In corollary to this insight from an engineered LOV, we 
conducted a structural genomics analysis to determine whether the distribution of linkers 
across wild-type LOV reflected a similar heptad repeat suggestive of extended coiled-
coil linker regions (bands of linkers defined algorithmically by k-means clustering). 
 
 LOV-GGDEF proteins showed the clearest evidence of a heptad repeat 
dependence (Figure 2.8C). In fact, linkers of up to three heptad repeats are found in 
nature, and thus, these proteins exhibit a surprising level of tolerance for variable 
sensor–effector physical distances of up to 32.4 Å, assuming the segment is linear and 
parallel (although it should be noted that coiled-coils and their dimers can be 
antiparallel). Although the crystal structures of LOV-GGDEF proteins have not yet been 
described, the crystal structure of a stimuli-responsive di-guanylate cyclase with a 
GGDEF-containing receiver WspR from Pseudomonas (49, 199) resembles the solved 
coiled-coil structure of the engineered YF1 LOV-HisKA (53). LOV-GGDEF linker regions 
have a remarkably high predicted probability of being coiled-coils based on PCOILS 
analysis (141) [Probability(Linker Region) > 0.9, (Suplementary Figure A3.2)]. Taken  
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Figure 2.7 Architectural complexity correlates with evolutionary diversity.  
(A) Computed complexity quotient for each kingdom quantifies domain architectural complexity as 
the product of the average number of effector domains per LOV photoreceptor in the kingdom 
and the total number of different effector types observed across the kingdom. (B–D) Complexity 
quotients for each kingdom plotted versus (B) the total number of putative LOV sequences 
identified in the kingdom, (C) the total number of organisms searched for LOV in the kingdom, 
and (D) the total number of phyla searched for LOV in the kingdom. Kendall’s rank correlation tau 
coefficients and their accompanying p-values are shown on each scatterplot. A strong correlation 
between the number of phyla searched and the complexity of the resulting LOV photoreceptors 
suggests that evolutionary diversity is a greater predictor of complexity than sample size. 
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Figure 2.8 Effector-specific discretization in sensor–effector linker length.  
(A) Overlaid scatter and box-and-whisker plots of the linker length between LOV or tandem LOV 
sensors and their nearest effector domains, shown for effectors observed >10 times (box, first to 
third quartile; internal band, median). (B) Cumulative linker length distributions for effector-specific 
linker length between LOV or tandem LOV sensors and their nearest effector domains. (C and D) 
Heptad periodicity observed for linker regions that adopt extended coiled-coil structures. Bands 
were defined by k-means clustering, where a Bayesian Information Criterion was used to 
optimally choose the number of clusters, k. The number of linkers in a given cluster (n) and 
cluster mean (m) are labeled on each cluster directly. Dotted lines grouping heptad repeats are 
provided to guide the eye, shown for (C) LOV-GGDEF and (D) LOV-HisKA. LOV-STAS proteins 
are omitted because only one linker band is observed. Tight banding observed in C and D is 
indicative of heptad repeats, potentially reflecting structural optimization of sensor–effector 
orientation and the capability to transmit photosensory structural changes over variable physical 
distances through an extended coiled-coil linker. Colors in C and D indicate phylum-level 
taxonomic origin of the LOV. 
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together with the heptad-cyclical phosphorylation seen with YF1, these convergent 
results suggest that LOV-GGDEF linkers form coiled-coils that constrain sensor–effector 
orientation and can transmit the signal over variable sensor–effector physical distances. 
This heptad repeat banding pattern is also in remarkable agreement with similar 
bioinformatics analyses of PAS-GGDEF linkers (see figure 5 of ref. (157)). 
 
 As expected, YtvA-like LOV-STAS linkers were discretized but effectively only in 
one band. Naturally occurring LOV-HisKAs also exhibited banding in the linker region, 
although the heptad trend was not as strong as observed with LOV-GGDEF (Figure 
2.8D). This is consistent with findings that although some LOV-HisKAs follow a 
“tilting/rotation” model in which light induces modest structural changes, some members 
are known to be monomeric or stably oligomeric in the dark (92), (44, 156, 182, 183, 
193) and thus are possibly less constrained with respect to sensor–effector orientation. 
The observed spread within each linker band may reflect subpopulations of LOV-
HisKAs. For example, multiple of the bands have an m + 1 population (where m = k-
means cluster) suggestive of opposite transitions in light/dark activity, as seen with the 
engineered YF1 protein (158). A pattern emerges when looking across LOV-HisKA linker 
bands as well. LOV-HisKA linkers appear to group into two populations of heptad 
repeats that are offset by two residues, in a (7n + 2) trend similar to non-LOV PAS-
HisKAs (see figure 5 of ref. (158)). It should be noted that the heptad repeat is not a 
perfect multiple of 7 but rather 7.2 residues. Notably, monomeric LOV-HisKAs have 
recently been described (193) with similar helical linkers separating LOV and HisKA 
domains, and our data may help suggest sequence preferences that direct these coiled-
coil elements to favor interactions in cis with their own sensor domains versus in trans to 
another coiled-coil. Resampling analysis supports the finding that the discretization in 
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linker length between sensor and GGDEF or HisKA effectors over a large range of 
lengths is not random (Figure A3.3). 
 
LOVs that undergo larger conformational changes and “unfold” in response to 
light into monomeric or dimeric forms do not show demonstrable heptad banding. 
Existing photochemical and structural analyses show that, by and large, these structures 
do not form stable dimers in the dark; bZIPs such as aureochrome (95), zinc fingers 
such as White Collar (14, 34, 70), HTH proteins such as EL222 (192), and short LOVs 
such as VIVID (88, 203, 255, 256) or are oriented in antiparallel fashion inconsistent with 
a parallel extended coiled-coil model, such as phototropins (112) and F-box/Kelch 
repeats like FKF1 (165, 166). Thus, the observed trend of linker length discretization by 
effector type and phylum of origin reflects that structural conservation is due to both the 
functional consequences of preserving sensor–effector orientation and a shared 
evolutionary ancestry. 
 
2.2.5 Expanded Functional Diversity from Broadly Surveying Organismal Diversity 
 
 The analysis balanced various factors—namely, throughput and broad 
representation of organisms. For example, the motif-based analysis revealed that LOV 
protein regions that form the flavin-binding pocket and mediate photocycling are highly 
conserved, whereas those that interface with and transmit signals to effector domains, 
such as the A′-alpha and J-alpha helices, are not (Figure 2.2B). Limiting the length of 
the query sequence to motifs implicated only in flavin binding and light sensing 
augmented computational throughput and reduced the likelihood that a potential LOV 
candidate would be excluded on the basis of an unusual mechanism for effector domain 
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regulation. Although other position-weighted approaches exist like PSI-BLAST, which 
compares sequences against the National Center for Biotechnology Information (NCBI) 
database (20), they would not have allowed for a self-consistently generated dataset 
because ∼60% of the raw data analyzed here resided in other databases or are not yet 
available in annotated forms. Likewise, because LOV is not yet a domain class of its own 
in InterPro, which also lacks much of the dataset studied here, custom analyses were 
necessary to annotate the functional and topological diversity in full breadth. 
 
 Although most physiological roles deduced from ontological functions and multi-
domain topologies were consistent with previous descriptions in signaling, transcriptional 
regulation, and cytoskeletal movement, rare effectors were often putatively involved in 
biosynthesis of molecules beyond cyclic nucleotides, such as lipase or glutamine 
amidotransferase primary effectors (Dataset S3). Previously unidentified effector 
functions were only found in early-diverging green algae that were recently sequenced 
by OneKP, which highlights the value of broadly sampling organismal diversity in 
addition to optimizing LOV sensor-detection algorithms. Though RGS-LOV-PAS proteins 
were previously thought to be rare, their newfound abundance as revealed through this 
study suggests that this conserved photoreceptor class may be functionally important 
across both brown algae and fungi. Algal RGS-LOV-PAS proteins are the likely 
photoreceptors that govern steering in brown algal negative phototaxis, based on 
previously reported microspectrofluorometry, proteomics, and immunofluorescence 
imaging studies (71, 72). A putative role for RGS-LOV-PAS proteins in fungi is less 
apparent. MoRGS5, an RGS-LOV-PAS from the rice blast fungus Magnaporthe oryzae, 
has been shown to bind its cognate Gα subunits and its deletion in Magnaporthe oryzae 
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genetic knockouts increased intracellular cAMP levels, suggesting that the RGS effector 
actively regulates fungal G-protein signaling. Although no pronounced phenotypic 
difference was observed for MoRGS5 genetic knockouts, blue-light responses were not 
interrogated (251). The expanded range of physiological roles suggested by this work for 
LOV photoreceptors shows how adaptable LOV sensors regulate both evolutionarily 
conserved processes and specialized organism-specific functions. Importantly and as 
previously stated, the inherent LOV diversity found in nature is correlated with the 
evolutionary diversity within a kingdom (Figure 2.7). As species become more 
evolutionarily diverse, so do their LOV proteins. The physiological roles and evolutionary 
history of the many functional clusters reported here warrant future studies by 
photophysical and structural characterization, genomics, and organismal physiology. 
 
2.3 Conclusions and Future Directions  
 
By comprehensively discovering, analyzing and cataloging LOV domain diversity, 
we have established that LOV photoreceptors likely have a broader range of 
physiological functions than previously understood. Beyond the photobiological 
importance of these new putative signaling roles, our identification of LOV proteins with 
new and/or rare primary effectors may also expand the range of physiological processes 
that may be precisely perturbed with blue-light in engineered systems. The surprisingly 
prevalent RGS-LOV-PAS protein class especially stands out for its promise as a basis 
for a new optogenetic tool. As major negative regulators of G-protein signaling, RGS 
effectors are essential to the tuning of signal transduction pathways that govern such 
survival-critical processes as cell migration, differentiation and proliferation among many 
other cell and tissue-specific processes, and thus optogenetic control over RGS 
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signaling would be valuable (96). However, despite the bioinformatics association of 
LOV sensor domains with primary RGS effector domains in contiguous open reading 
frames, it is unknown whether the RGS effector function can be dynamically regulated, 
directly or indirectly, by blue-light.  
 
In Chapters 3 and 4, we will discuss our work to establish the signaling 
mechanism of RGS-LOV-PAS photosensory proteins. Experimental characterization of 
the representative RGS-LOV-PAS protein BcRGS5 from the pathogenic fungus Botrytis 
cinerea revealed that RGS-LOV-PAS proteins can dynamically localize from cytoplasm 
to the plasma membrane upon blue-light illumination. This membrane recruitment 
photoresponse is mediated by a light-switchable high affinity interaction between a lipid 
interacting site, likely a lipid-binding amphipathic helix conserved across all fungal RGS-
LOV-PAS, and anionic phospholipids. The seconds-timescale membrane-localization 
may serve to potentiate the activity of the fused RGS effector on membrane-bound G-
protein binding partners in the native fungal organism and could be adapted as a 
strategy for optogenetic control over RGS signaling in engineered systems as well. As 
LOV photoreceptors, RGS proteins and PAS sensory proteins are not known to traffic by 
direct, light-gated association with phospholipids, our further characterization of this rare 
sensor-effector pairing highlights the value of the bioinformatics approach thoroughly 
discussed in this chapter that captures photosensory protein diversity. Given that blue-
light directly controls BcRGS5 binding to anionic lipids via a lipid-interaction site that is 
not a member of a conserved lipid-binding domain family and thus was not identified via 
bioinformatics, experimental characterization of BcRGS5 also highlights the inherent 
limitation of inferring LOV function from primary effectors assigned by conserved domain 
annotation. Other newly identified LOVs may also contain effectors that were not 
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annotated by conserved domain homology, especially LOV sensors with long terminal 
extensions but no additional identifiable conserved domains that were highly prevalent in 
fungi. Thus, future experimental characterization of these LOVs with no additional 
identifiable conserved domains may potentially lead to the discovery of new LOV effector 
functions. 
 
2.4 Materials and Methods 
 
2.4.1 De Novo Motif Prediction for LOV Sensor Domains 
 
Sequence patterns were identified by motif analysis with the MEME Suite (13) in 
18 LOV domains known to photocycle (Figure 2.2). MEME tool parameters were set to 
find two motifs of ≤50 amino acids that must be present in all query sequences. 
Identified motifs were exported as .xml files. 
 
2.4.2 LOV Photoreceptor Identification 
  
 OneKP database (148) ORFs were required to begin with a start codon (ATG) and 
end with a stop codon and were predicted with EMBOSS-6.6.0 using the standard codon 
table #0 and a minimum ORF length of 100 amino acids (190). The predicted protein list 
was pooled with protein sequences deposited in the European Molecular Biology 
Laboratory– European Bioinformatics Institute (EMBL-EBI) protein database with PAS 
domains (IPR000014) that were identified with Interpro (109, 155). A Python script 
removed duplicate proteins or exact subsets of longer proteins on a per-species basis to 
ensure uniqueness of each candidate, which was then searched for the sensor motifs 
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with the MAST tool (13) with e-value threshold ≤1e-25. Residues enclosed by a 
predicted PAS fold were identified by Pfam (68), and then a Python script labeled 
proteins as bona fide LOV sensors if both motifs (i) aligned with a P value ≤1e-15, (ii) 
were separated by <75 residues, and (iii) were bound within a PAS fold and (iv) a 
cysteine residue was present in the flavin-binding site of motif 1. 
 
Comparator datasets for validating the ability to distinguish between LOV and 
structurally related non-LOV proteins were (i) ligand binding PAS-fold proteins, taken 
from figure 3 of ref. (90) (listed in Dataset S1), (ii) flavin-binding BLUF photoreceptors in 
InterPro collection IPR007024, (iii) flavo- proteins from InterPro collection IPR00382, and 
(iv) a test set of known LOV domains selected from figure 2 of ref. (143) (listed in 
Dataset S1). MAST searched for the joint presence of the two sensor motifs in each 
candidate protein and reported an e-value defined as the expected number of 
sequences in a random database of the same size that would match the group of motifs 
as well as the sequence does. When searching for the motifs in known test set LOV 
domains also contained in the training set, we applied a “leave-one-out cross-validation” 
scheme, where the two sensor motifs were regenerated for the training set minus one 
LOV photoreceptor, and the sensor motifs were then searched for with MAST on the 
remaining LOV photoreceptor. 
 
2.4.3 LOV Photoreceptor Annotation 
 
 Potential effectors were searched against the Pfam HMM database with the UNIX 
command-line HMMER v3.1b1 tool (67), with an e-value ≤1e-3. A Python script parsed 
the results to generate protein maps that specify where predicted effector and sensor 
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domains are located along the candidate polypeptide sequence. In cases when possible 
effectors overlapped in polypeptide sequence, the conserved domain with the lowest e-
value associated with identification by Pfam was chosen. If the nearest effector was 
another LOV sensor reflective of the tandem LOV architecture, the tandem LOV was 
collapsed into a single tandem LOV pseudodomain, and the annotations continued as 
they would for a single LOV. Maps were labeled with taxonomic information from 
kingdom to species, using the entrez command line tool to search the NCBI taxonomy 
database. Missing NCBI taxonomy entries were supplemented according to Algaebase 
and the Integrated Taxonomic Information System (ITIS). If no Pfam effector domains 
were assigned within 125 amino acids of a putative LOV sensor domain, the region was 
subjected to an additional Interpro conserved domains search. 
 
Linker bands were defined by k-means clustering in one dimension where a 
Bayesian Information Criterion was used to optimally choose the number of clusters, k, 
according to default settings of the Ckmeans.1d.dp package for the R statistical 
programming language (234). Cumulative linker length distributions were generated with 
the ecdf function in R. 
 
2.4.4 Domain Connectivity Analysis 
 
To establish domain connectivity, Python scripts analyzed annotated LOV 
proteins and executed a domain adjacency analysis (6) by scanning through LOV maps 
comprised of n distinct effector and sensor domain types to produce an n × n matrix, 
where the off-diagonal entry aij is the number of times domain type i is followed by 
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domain type j, and the diagonal entry aii is equal to the number of times domain type i is 
adjacent to itself. The resultant domain adjacency matrix was visualized with the network 
software program Gephi (15), such that (i) domains are nodes, (ii) edges are 
connections between domains, and (iii) line thickness is proportional to log2 of aij or aii. 
To perform a domain-positional analysis, Python scripts analyzed annotated LOV maps 
and determined the position of each domain relative to the LOV or tandem LOV sensor, 
which was assigned position 0. N- and C-terminal domains were assigned negative and 
positive values, respectively. The primary effector was defined as the domain with the 
shortest linker length (in polypeptide sequence) to the LOV or tandem LOV sensor. 
 
2.4.5 LOV photoreceptor database 
 
 The fully annotated database is available as Dataset S4 and can be manually text-
searched or examined by automated data extraction (instructions provided in 
Supplementary Text A1.2, and sample Python code provided in Dataset S5 which 
makes use of the “xlrd” and “xlwt” Python packages to import/export spreadsheets). 
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CHAPTER 3: Blue-light triggers plasma membrane binding by 
RGS-LOV-PAS proteins 
3.1 Introduction 
 
Establishing the signaling mechanisms of diverse photosensory proteins is 
critical to understanding how organisms adapt to a universal input of light. In Chapter 2, 
we reported the bioinformatics identification of several classes of LOV proteins with 
predicted sensor-effector pairings that were previously unknown or considered rare and 
thus have not been structurally or functionally studied. One class, comprised of RGS-
LOV-PAS proteins primarily from fungi, especially stood out for its surprising prevalence, 
potential photobiological role in cellular signaling, and promise for new optogenetic tool 
development.  
 
LOV photoreceptor effector domains retain the biochemical function that would 
be expected according to the function of homologous domains in non-photoreceptor 
proteins. Thus, it is reasonable to infer putative blue-light regulated functions for LOV 
photoreceptors, including fungal RGS-LOV-PAS proteins, in an automated manner 
based on the ontological function of the bioinformatics assigned primary effector. RGS 
proteins are defined by a conserved roughly 120 amino acid “RGS-box” domain that 
regulates heterotrimeric G-protein complexes, which are comprised of Gα, Gβ and Gγ 
subunits and associate with G-protein-coupled receptors (GPCRs) when inactive. When 
activated, the heterotrimeric G-protein dissociates into its individual subunits, which 
engage in signal transduction. RGS proteins directly contact activated (GTP bound) Gα 
subunits and catalyze their deactivation by accelerating the rate of their intrinsic GTPase 
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activity. Exchanging bound GTP for GDP on Gα causes the heterotrimeric G-protein to 
re-associate with a GPCR in its inactivated state. Therefore, the signature function of the 
RGS domain is to negatively regulate GPCR signal transduction pathways as a GTPase-
activating protein (GAP) by limiting the duration of active G-protein signaling events (18, 
59). RGS proteins have also been shown to act in non-canonical roles as effector 
antagonists by directly inhibiting G-protein  interaction with its effectors, including 
adenylate cyclase and phospholipase Cβ,  and by regulating non G-proteins  (91, 196, 
204).  
 
To date, the study of roughly 30 fungal RGS effectors (in non-LOV proteins) has 
revealed that fungal RGS directly interact with Gα proteins, primarily to modulate cAMP 
signaling pathways that regulate critical physiological processes, including growth, 
pathogenicity and mating (237). For example, the MoRGS1 protein from Magnaporthe 
oryzae physically interacts with all three Gα proteins expressed by the organism, MagA, 
MagB and MagC, which belong to the Gαs, Gαi, and fungal-specific GαII families 
respectively, and can drive Gα specific responses (134). MoRGS1 negatively regulates 
MagA-mediated cAMP signaling to control appressorium formation and pathogenesis 
while MagB interactions modulate conidogenesis (134).  
 
RGS proteins themselves may be regulated with important consequences for 
cellular signaling. RGS function can be tuned via a number of mechanisms, including by 
control of mRNA transcript and protein expression levels (254), competitive binding of 
phosphoinositol phosphates and calcium dependent proteins (107), phosphorylation 
(47), palmitoylation (225) and by sensory inputs such as sugar (143). These 
mechanisms may drive functional changes in RGS activity in a number of ways, but 
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commonly lead to sequestration of RGS in particular subcellular locations, a strategy 
observed across mammals, fungi and plants (27, 59, 60, 212, 226, 229, 235).  
 
In mammals, dynamic control of RGS localization is primarily mediated by post-
translational modifications such as phosphorylation and palmitoylation. For example, 
signaling cascades that activate cyclic GMP-dependent protein kinase (PKG) drive 
phosphorylation of RGS3 and RGS4 and their consequential translocation from the 
cytosol to the plasma membrane within minutes (180). In contrast, dynamic control of 
plant RGS localization is sensory-gated. The Arabidopsis thaliana regulator of G protein 
signaling 1 (AtRGS) is a seven transmembrane RGS protein that is active when 
membrane-bound, but is endocytosed over tens of minutes in response to a glucose 
stimulus-induced signal cascade (229). Dynamic control over subcellular localization has 
important consequences for RGS function. Internalization of RGS proteins in the 
endocytotic pathway, cytoplasm, or even the nucleus effectively reduces GAP activity on 
plasma-membrane-bound G-proteins, thereby permitting sustained G-protein signaling 
but ensuring a transient response upon RGS translocation to the cell surface (98, 204). 
Our bioinformatics identification of 66 fungal RGS-LOV-PAS proteins suggests that 
dynamic RGS regulation in fungus may be sensory-gated like plant RGS proteins, but by 
blue-light instead of sugar. 
 
3.1.1 Executive summary of results 
 
Here we report the experimental characterization of an RGS-LOV-PAS 
photoreceptor, BcRGS5 from B cinerea, which rapidly translocates from the cytoplasm to 
the plasma membrane upon blue-light illumination when heterologously expressed in 
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mammalian cells. Membrane-binding is reversible and after termination of a blue-light 
stimulus, BcRGS5 translocates from the plasma membrane to the cytoplasm within 
minutes. Light-activated membrane binding by another RGS-LOV-PAS, CeRGS from C 
europaea, verified generality of the phenomenon. A combination of affinity-purification 
and mass spectrometry (AP-MS) was used to screen for potential BcRGS5 multi-protein 
complexes and revealed that BcRGS5 does not have any high-affinity binding partners 
that could mediate membrane-recruitment in a heterologous mammalian expression 
system. Pre-treatment of mammalian cells with neomycin, a cationic aminoglycoside that 
inhibits electrostatic binding to anionic phospholipids and particularly 
phosphotidylinositides, accelerated translocation of membrane-bound BcRGS5 back to 
the cytoplasm, suggesting that membrane-recruitment of BcRGS5 in cells involves direct 
protein-lipid interactions.  
 
Results from the cellular and in vitro biophysical assays discussed in this chapter 
raise important questions as to the underlying mechanism mediating light-activated 
membrane-recruitment, especially in light of AP-MS results that suggests that protein-
protein interactions are not responsible for the photoresponse. In Chapter 4, we will 
extensively discuss our use of protein-lipid interaction assays to establish the 
photosensory signaling mechanism for fungal RGS-LOV-PAS proteins. A light-driven 
membrane-binding mechanism has never been reported for LOV photoreceptors nor has 
a light-activated subcellular localization mechanism been reported for RGS proteins. 
Furthermore, PAS proteins that associate with membranes are integral membrane 
proteins not soluble ones (126, 162). Thus, this study represents a foundational advance 
in our understanding of both signal transduction by photosensory proteins and regulation 
of GPCRs.  Establishing that bioinformatics identified RGS-LOV-PAS proteins are bona 
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fide blue-light sensors has also resolved key questions in fungal photobiology and paved 
the way for future unraveling of light-regulated G protein signaling.  
 
3.2 Results & Discussion 
 
3.2.1 Putative RGS-LOV-PAS photoreceptors are conserved among dikarya Fungi 
 
Although previous studies suggested that LOV photoreceptors with RGS primary 
effectors were rare, we recently identified 66 different RGS-LOV-PAS proteins among 
newly sequenced dikarya fungal species belonging to both the ascomycota (59 proteins) 
and basidiomycota (7 proteins) phyla (48, 71, 77, 102, 121, 179). The newfound 
abundance of fungal RGS-LOV-PAS was similar to more well studied LOV proteins that 
contain BZIP, STAS (sulfate transporter and anti-sigma factor), HTH (helix-turn-helix) 
and HLH (helix-loop-helix) domains. We used the Phylogeny.fr web server to reconstruct 
a maximum likelihood phylogenetic tree for all 66 fungal RGS-LOV-PAS (50, 51). The 
tree shows a strong separation of ascomycota and basidiomycota sequences and 
features subtrees that align well with predicted taxonomic assignments at the class level 
(Figure 3.1A). Of the 66 RGS-LOV-PAS, most fall into one of two subgroups, which 
together comprise 59 ascomycota sequences as indicated on the phylogenetic tree.  
 
Despite their surprising prevalence across two major fungal phyla, RGS-LOV-PAS 
share a single conserved domain architecture consisting of an N terminal RGS domain 
separated from a LOV sensor by a short linker (Figure 3.1B). As shown for the  
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Figure 3.1 RGS-LOV-PAS proteins are conserved in dikarya fungi 
A) Maximum likelihood phylogenetic tree constructed by aligning all 66 full-length fungal RGS-
LOV and rendering a tree via the Phylogeny.fr automated pipeline. Tree is overlaid with 
taxonomic distinctions at the class level. The majority of sequences fall into one of two 
Ascomycota groups as indicated. B) RGS-LOV-PAS proteins share a single conserved domain 
architecture consisting of an N terminal RGS domain separated from a LOV sensor by a short 
linker, with long N and C terminal extensions. IUPRED prediction of intrinsic disorder, as shown 
here for the representative RGS-LOV-PAS protein BcRGS5 from Botrytis cinerea, indicates that 
the N-terminus of the protein class is highly unstructured. PAS-like folds in the C terminus of two 
proteins were identified by sequence homology to the conserved PAS domain family, as indicated 
by the white stars on the tree. Further bioinformatics analysis revealed a conserved helical linker 
and PAS fold C terminal to the LOV sensor across all RGS-LOV-PAS studied by (C) consensus 
prediction of secondary-structure by 4 secondary-structure prediction algorithms for 5 
representative RGS-LOV-PAS and (D) de novo folding by Rosetta as shown for CeRGS due to its 
relatively short C terminus that facilitated computational tertiary structural prediction. The C-
terminus resembles canonical PAS folds as shown by comparison to the secondary (panel B) and 
tertiary structure (panel C) of ARNT, a founding member of the PAS domain family. 
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representative RGS-LOV-PAS protein BcRGS5 (also referred to as “BcLOV4” in 
reference (202)) from Botrytis cinerea in Figure 3.1B, conserved N and C terminal 
extensions, preceding the RGS domain and following the LOV sensor respectively, are 
long enough to contain additional domains. Subsequent bioinformatics analysis for a 
subset of 5 RGS-LOV-PASs (GenBank accession numbers: CCD53251.1, KEQ92096.1, 
EHA46884.1, EHY60539.1, ETN36999.1) revealed that the N terminus is highly variable 
in length, is intrinsically disordered as predicted by the IUPRED server, lacks conserved 
secondary structure and contains no additional domains (55) (see Supplemental 
methods, A1.4 for a table of all bioinformatics tools used in this course of this thesis). In 
contrast, detailed bioinformatics analysis that took the segment-by-segment consensus 
of 4 secondary structure prediction programs – PSIPRED (150), JPred (42, 46), Phyre2 
(114), and i-TASSER (242) – revealed that all RGS-LOV-PAS evaluated have highly 
structured C termini with a long helical linker immediately following the LOV sensor 
followed by 5 beta sheets interrupted by alpha helices (Figure 3.1C). We observed that 
the number and ordering of C terminal sheets and helices following the helical linker 
resembles a PAS fold.  
 
We hypothesized that a PAS-like C terminal domain may have gone undetected 
by conserved domain annotation, which does not take secondary structure into account, 
due to known low sequence homology among the PAS domain family (90). If we relax 
profile hidden Markov models (HMMER) E-value cutoffs to 1, PAS-homology domains 
are identified in 2 of the RGS-LOV-PAS as indicated in Figure 3.1A (67), but given the 
poor cutoff value and low number of hits, further support of PAS-homology domain 
assignment to the C-terminus of RGS-LOV-PAS was needed. Thus, we performed de 
novo folding and tertiary structure prediction by Rosetta (25, 185) for the C-terminus of 
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CeRGS, an RGS-LOV-PAS chosen for its short putative C-terminal domain that makes 
de novo prediction more computationally feasible. From first principles, Rosetta analysis 
predicted a PAS-like structure for the CeRGS C-terminus with 5 anti-parallel beta sheet 
strands forming a β-scaffold with α-helices (Figure 3.1D). Via analysis at the primary, 
secondary and tertiary structural levels we have uncovered evidence that supports the 
assignment of a PAS-homology C-terminal domain for fungal LOVs with RGS effectors. 
All multi-domain LOV photoreceptors identified in fungi to date have PAS folds-terminal 
to the LOV sensor (77). Thus, our annotation of a PAS fold as the C terminal neighbor of 
LOV sensors with RGS primary effectors is not entirely surprising and is consistent with 
fungal sensor-effector topology. 
 
3.2.2 A putative role for fungal RGS-LOV-PAS proteins 
 
A putative biological role for fungal RGS-LOV-PAS proteins has not yet been 
established. The RGS-LOV-PAS MoRGS5 was found by yeast-2-hybrid to physically 
interact with two Magnaporthe oryzae Gα proteins MagB (Gαi family) and MagC (fungal 
specific GαII family)(251). Furthermore, deletion of MoRGS5 in Magnaporthe oryzae 
genetic knockouts increased intracellular cAMP levels 2-fold, suggesting that the 
MoRGS5 is involved in the regulation of G-protein-mediated cAMP signaling (251). 
Although no pronounced phenotypic difference was noted for MoRGS5 genetic 
knockouts, we only recently annotated one of the two PAS folds in MoRGS5 as a LOV 
sensor and no blue-light responses by MoRGS5 in M oryzae have been interrogated to 
date. Similarly little is known about a second RGS-LOV-PAS, BcRGS5, from Botrytis 
cinerea. BcRGS5 expression is only moderately affected by deletion of Bcltf1, a 
transcription factor that regulates virulence and light-responses (201). It has been 
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suggested that fungal RGS-LOV-PAS proteins may regulate G protein coupled cAMP or 
Ca2+ signaling and/or be responsible for residual blue-light sensitivity in white-collar-1 
mutant strains, but blue-light regulation of GPCR activity has never been demonstrated 
for the photoreceptor class (102).  
 
3.2.3 Solubility screening for flavin-bound recombinant protein production in E coli 
 
Of the 66 fungal RGS-LOV-PAS genes identified, we chose a subset of 5 genes 
from five different fungal pathogens to screen for soluble expression as full-length 
protein in E coli. We selected the five species – Botrytis cinerea, Magnaporthe oryzae, 
Cyphellophora europaea, Exophilia dermitidis and Marssonina brunnea – to broadly 
represent the significant roles that fungal pathogens play in agriculture (B cinerea, M 
oryzae), human health (C europaea, E dermitidis), and ecology (M brunnea), and, thus, 
the RGS-LOV-PAS proteins they encode (GenBank accession numbers: CCD53251.1, 
EHA46884.1, ETN36999.1, EHY60539.1, EKD19672.1) represent worthy targets for 
future study. Beyond the societal importance of their native species, the 5 chosen RGS-
LOV-PAS proteins also broadly sample overall RGS-LOV-PAS protein size (ranging 
from 593-961 amino acids for full-length protein) and importantly, all share strong RGS 
domain sequence homology to known RGS proteins. RGS-LOV-PAS originate from 
fungal species that are pathogenic and not widely genetically tractable, making detailed 
studies of the role that RGS-LOV-PAS proteins play in G-protein signaling extremely 
challenging in their native organisms. However, remarkable conservation of both the 
interacting RGS “box” region and the G-alpha “switch” regions permits mammalian-
fungal cross-species RGS/G-alpha engagement (94, 212). Therefore, selecting RGS-
LOV-PAS proteins with the highest degree of sequence conservation with known RGSs 
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maximized the probability of identifying LOV photoreceptors that could interact with G-
proteins in heterologous mammalian cell lines, thus facilitating study of blue-light 
dependent RGS activity. Homology between candidate RGSs and known RGSs was 
measured by the e-value reported from a Hidden Markov Model (HMM) conserved 
domain search of the pFAM database. Of all 66 fungal RGS-LOV-PAS photoreceptors, 
the RGS domain from the B cinerea RGS-LOV-PAS (BcRGS5) had the lowest reported 
e-value, 6.2E-17, and thus had the strongest alignment to the conserved RGS domain 
HMM. Similarly, RGS-LOV-PAS proteins from the other 4 selected genes gave e-values 
in the lowest third of all identified sequences. 
 
We screened all 5 fungal RGS-LOV-PAS genes for production of soluble, 6-
histidine tagged, flavin-bound full-length recombinant protein in E coli cell lysate. The 
entire open reading frames of N terminally 6-histidine tagged RGS-LOV-PAS proteins 
from B. cinerea (BcRGS5), E. dermitidis (EdRGS), M. oryzae (MoRGS5), C. europaea 
(CeRGS), and M. brunnea (MbRGS) were expressed by induction of small 25 mL test 
cultures with 0.5 mM IPTG in the BL21 (DE3) strain of E. Coli at low temperature (18ºC 
for ~20 hours) to maximize soluble protein production. Cells were lysed by sonication. 
We clarified lysate by centrifugation to remove insoluble protein and cell debris and 
measured the absorbance spectrum for each clarified lysate. An absorbance spectrum 
for an equivalently prepared cell lysate expressing N-terminally 6-histidine tagged 
Maltose Binding Protein (MBP), a non-chromophore-binding protein, was measured and 
subtracted as “background” from each RGS-LOV-PAS lysate spectra.  
 
Dark-adapted LOV proteins contain a non-covalently bound flavin in its fully 
oxidized state and thus maximally absorb blue light, exhibiting a 450 nm absorbance 
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peak (181, 218, 258). Expression of all 5 candidate RGS-LOV-PAS resulted in lysate 
with elevated absorbance at 450 nm relative to the MBP control (Figure 3.2A). Of the 5 
proteins, BcRGS5 expressing cells generated lysate with the most elevated 450 nm 
signal, and thus, this thesis focuses on the purification and functional characterization of 
this most highly soluble, flavin-bound target. According to its 450 nm absorbance, 
CeRGS expression was second highest, while MoRGS5 expression was weakest. We 
suspected that the extreme length of the large, intrinsically unstructured and disordered 
N terminal region preceding the MoRGS5 RGS domain – 479 amino acids as compared 
to a mean RGS-LOV-PAS N terminal extension length of 210±34 amino acids – 
contributed to low production of full-length protein in a heterologous bacterial expression 
system. Expression of an N terminally truncated MoRGS5 (∆1-419) increased 
expression of flavin-bound protein by an estimated 7 fold (Figure 3.2B-C).  
 
Examination of full visible absorption spectra for EdRGS and MbRGS lysates 
revealed non-canonical LOV spectra such that absorbance at 450 nm is off-peak, 
contributing to the reduced signal at this wavelength for these two samples. EdRGS 
lysate absorbed between 400-500 nm with a blue-shifted peak at 418 nm, while MbRGS 
lysate absorbed broadly from 450-600 nm with a red shifted peak between 550-600 nm. 
Interestingly, further purification of CeRGS, the second most highly expressed LOV 
screened, by affinity chromatography yielded pure protein that in addition to a canonical 
450 nm peak with vibronic structure, also had broad red-shifted absorbance ~500-650 
nm with a peak at 578 nm, similar to MbRGS lysate (Figure 3.2D). MbRGS and CeRGS 
could bind a non-flavin, red-shifted chromophore in the C-terminal PAS-homology 
domain that is responsible for the post-500 nm absorption. However, flavin chemistry 
that favors non-canonical protonation or redox states is known to result in spectra with  
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Figure 3.2 Screening for flavin-bound recombinant protein production in E Coli 
A) Screening of 5 fungal RGS-LOV-PAS genes from M Oryzae, B cinerea, C europaea, E 
dermitidis, and M brunnea for production of soluble, 6-histidine tagged, flavin-bound full-length 
recombinant protein in E coli cell lysate as measured by visible absorbance spectroscopy at 450 
nm. Full absorbance spectra revealed that 450 nm is off-peak for EdRGS and MbRGS, which 
maximally absorb at 418 nm and 558 nm respectively. (B) The N terminus of MoRGS5 is long 
and predicted to be intrinsically disordered or unstructured by IUPRED disorder prediction. An N-
terminally truncated MoRGS5 variant (∆1-419) that lacks the intrinsically disordered region was 
(C) transformed as a 6-histidine tagged protein into a BL21 (DE3) bacterial strains and grown 
overnight at 18ºC under IPTG induction to maximize soluble protein production. His-tagged 
protein was manually purified by affinity chromatography on magnetic Ni-NTA beads. Production 
of soluble, flavin-bound protein was enhanced 7-fold for the truncated MoRGS5 gene relative to 
full-length protein as estimated by comparing absorbance at 450 nm for dark-adapted samples of 
purified protein prepared under identical conditions from equivalent bacterial culture volumes. (D) 
Purified CeRGS has both a 450 nm peak with vibronic structure as well as a second red-shifted 
peak at 578 nm similar to the MbRGS lysate spectrum that could correspond to a second bound 
chromophore (e.g. tetrapyrrole) or more likely an alternative flavin chemistry (e.g. stable 
semiquinone). 
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blue-shifted (<450 nm) or red-shifted (>500 nm) peaks. In particular, flavosemiquinone 
radicals, the semi-reduced forms of the flavin cofactor shown in Figure 1.1A, have 
absorption maxima between 550-600 nm. Thus, it is more likely that MbRGS and 
CeRGS exist in equilibrium between two alternative fully oxidized and semiquinoid flavin 
chemistries in the dark-state (133, 145, 149, 210). 
 
3.2.4 BcRGS5 is a blue-light sensory protein 
 
We purified soluble BcRGS5 protein by affinity chromatography on 5 mL Ni-NTA 
columns by fast protein liquid chromatography (FPLC) with in-line monitoring at 280 nm 
to detect all protein and at 447 nm to detect elution fractions with likely flavin-bound 
protein. We made assessments of protein purity by SDS-PAGE and noticed that full-
length BcRGS5 co-eluted with proteins of lower molecular weight (Figure 3.3A). Adding 
an extended FPLC wash step with a gradient of increasing imidazole concentration prior 
to a step-change elution resulted in premature elution of the truncated variants (peak 1) 
followed by a second elution of purified full-length BcRGS5 (peak 2) at near 
homogeneity. Western blots of doubly tagged BcRGS5 – N terminally 6-Histidine (His6) 
tagged and C-terminally Hemiagglutin (HA) tagged protein – revealed that the lower 
molecular weight bands eluted in peak 1 corresponded to N terminally truncated variants 
of BcRGS5 that are missing the 6-histidine tag (Figure 3.3B). In contrast, the second 
eluted peak (peak 2) consisted of full-length protein that was positive for both N-terminal 
His6 and C-terminal HA tags by western blot and highly pure as determined by SDS-
PAGE (Figure 3.3C).  
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Figure 3.3 Recombinant BcRGS5 is a highly expressed, blue-light sensory protein 
(A) Purification of the highly expressed BcRGS5 photoreceptor from B cinerea yielded full-length 
protein, as indicated by the arrow, along with additional N terminally truncated contaminants, 
which were removed by (B) optimizing His-tag affinity chromatography such that N terminally 
truncated products were washed away. Western blots for purified doubly tagged BcRGS5 – N 
terminally 6-Histidine (His6) tagged and C-terminally Hemiagglutin (HA) tagged – revealed that 
the lower molecular weight variants of BcRGS5 that only retain the C-terminal HA tag eluted in an 
initial peak 1 at relatively low imidazole concentration. Full-length protein that retains both N-
terminal His6 and C-terminal HA tags eluted in a distinct peak 2 at high imidazole concentration, 
resulting in a (C) a single, pure product as determined by SDS-PAGE and indicated by the arrow. 
(D) The visible absorption spectrum for dark-state purified BcRGS5 has a blue, 450 nm, peak 
with vibronic structure consistent with spectra for known LOVs. (D, inset) Blue-light illumination of 
BcRGS5 in imidazole-free, high salinity buffer (PBS, 1M NaCl) diminished absorbance above 400 
nm, indicative of flavin-cysteinyl adduct formation (E) Photocycle kinetics were measured by 
monitoring 450 nm absorbance for lit-state BcRGS5 as it gradually returned to the dark-state after 
the conclusion of a blue-light pulse (5s, 15 mW/cm2) Data were fit to a first order exponential 
decay function to determine the characteristic photocycle lifetime, toff, 20.3 ± 1.5s. 
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Visible absorption spectra revealed that dark-state BcRGS5 is blue-light 
absorbing, with maximal absorbance at 451 nm and vibronic structure at 423 nm and 
476 nm, which is consistent with absorption spectra for other dark-state LOV sensor 
domains (Figure 3.3D) (120, 168, 203, 218). In contrast, the lit-state spectrum shows a 
pronounced decrease in absorbance above 400 nm, indicative of blue-light induced 
flavin-cysteinyl adduct formation (Figure 3.3D, inset). To further investigate the 
BcRGS5 photocycle, we buffer-exchanged dark-adapted BcRGS5 into high salinity 
(PBS, 1M NaCl) imidazole-free buffer and monitored absorbance at 450 nm before, 
immediately after and long after a 5s exposure to 15 mW/cm2 blue-light from a 455 nm 
high-powered LED (Mightex). By fitting the A450 readings to a first-order exponential 
function, we determined that the rate of dark-state recovery, tauoff, for BcRGS5 at 25ºC, 
was 20.3 ± 1.5s (Figure 3.3E). Given the enormous range of reported dark-state 
recovery rates for LOV photoreceptors, varying from seconds to hours, BcRGS5 has 
considerably fast photocycle dynamics in vitro (117, 119, 135, 218). Collectively, these 
results indicate that BcRGS5 is a blue-light sensory protein, validating the computational 
approaches described in Chapter 2 that were used to automate the prediction of LOV 
sensor domains.  
 
3.2.5 Lit-state BcRGS5 rapidly aggregates at physiological salinity in vitro  
 
Photocycle lifetime measurements for recombinant BcRGS5 were made in high 
salinity buffer (PBS, 1M NaCl) because at physiological salinity, illuminated BcRGS5 
rapidly aggregated as was evidenced by a dramatic increase in solution turbidity (Figure 
3.4A) To quantitatively assess light-triggered BcRGS5 aggregation, we directly 
measured dark-adapted and lit-state BcRGS5 particle size by dynamic light scattering on 
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a Zetasizer Nano Series Instrument. Dark-adapted BcRGS5 at 5 uM in 1x PBS had a 
mean hydrodynamic radius of 10.7 ± 1.4 nm. After transient blue-light illumination (5s), 
BcRGS5 rapidly aggregated into large particles of varying size, with a mean size of 
1044.8 ± 624.9 nm, two orders of magnitude larger than the dark-adapted state. (Figure 
3.4B) Importantly, light-inducible aggregation was abolished for a C291A “dark-mutant” 
that prevents the formation of the cysteinyl-flavin adduct. Since BcRGS5 is stable in the 
dark, and the dark mutant is stable upon irradiation with blue light, lit-state aggregation 
was directly photocycle-coupled. However, light-induced aggregation was not reversible 
in the dark on the experimental timescale evaluated (≤ 60 min). Bright field imaging of lit-
state BcRGS5 by differential interference contrast (DIC) microscopy revealed the 
formation of aggregates that resemble Brownian-tree-like fractals, suggesting that 
BcRGS5 aggregation may be diffusion-limited (Figure 3.4C) (240).  
 
Given that electrostatic forces are critical to mediating protein-protein interactions 
and colloidal association, we hypothesized that light-activated aggregation of purified 
BcRGS5 would be sensitive to the ionic strength of the surrounding medium (205). To 
shield potential electrostatic interactions, we modified the ionic strength of purified 
BcRGS5 solutions by titrating sodium chloride from a concentration of 150 mM to 1M in 
PBS and repeating DLS measurements for dark-adapted and illuminated protein 
samples. Light-activated aggregation was ionic strength dependent as is shown in 
Figure 3.4B. At 1M NaCl, light-induced aggregation was completely inhibited, as 
evidenced by a consistent particle size throughout the BcRGS5 photocycle, and thus 
photocycle kinetics were monitored under these buffer conditions and reported in Figure 
3.3E, although it should be noted that the effect of salinity on LOV photocycle lifetime is  
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Figure 3.4 Dimeric dark-state BcRGS5 aggregates in vitro in response to blue-light 
After exposure to 5s of 15 mW/cm2 455 nm light, purified BcRGS5 at 5 uM in 1x PBS rapidly 
aggregated as suggested by (A) an immediate increase in solution turbidity and quantitatively 
measured by (B) by dynamic light scattering. A BcRGS5 dark mutant, “C291A,” that lacks the 
active site cysteine required for photocycling does not aggregate. Light-induced aggregation 
could be inhibited by the supplementation of 1x PBS with NaCl to increase the overall salinity of 
the buffer. (C) Aggregates imaged by DIC and fluorescence microscopy resemble brownian-tree-
like fractals, suggesting that BcRGS5 aggregation may be diffusion-limited. (D) Analytical size-
exclusion-chromatography multi-angle light scattering (SEC-MALS) for dark-state BcRGS5 
reveals a prominent peak that corresponds to a molecular weight of 174 kDa, consistent with the 
formation of a dark-adapted BcRGS5 elongated dimer. (Z. Jaber, K. Gardner, unpublished) 
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unknown. The ionic strength dependency of the aggregation response suggests that 
electrostatic interactions play a critical role in mediating BcRGS5 photoresponses. It 
should be noted that the 5uM protein concentration employed in these in vitro 
experiments was chosen to maintain consistency with quantified heterologous 
expression levels in cells as will be discussed later. 
 
Interestingly, given the known molecular weight of full-length BcRGS5, 67 kDa, 
the ~10 nm particle size measured for dark-state protein across all DLS runs is 
inconsistent with BcRGS5 existing as a monomer in solution. Size-Exclusion 
Chromatography Multi-Angle-Light-Scattering (SEC-MALS) analysis of dark-state 
BcRGS5 revealed a prominent peak at 174 kDa, suggesting that the photoreceptor is 
indeed oligomeric (Figure 3.4D) The 174 kDa molecular weight estimated by SEC-MALs 
is too small to be consistent with trimeric (201 kDa) or tetrameric (268 kDa) BcRGS5, but 
it is curiously somewhat larger than would be expected for a dimer (134 kDa). The 
discrepancy between the experimentally derived 174 kDa BcRGS5 molecular weight and 
the calculated weights of BcRGS5 oligomers can likely be explained by shape as 
elongated molecules are known to have higher SEC-MALS elution volumes than would 
be expected. Thus, the data suggest that dark-state BcRGS5 is an elongated dimer. (Z. 
Jaber, K. Gardner, unpublished). 
 
3.2.6 Lit-state BcRGS5 is reversibly recruited to plasma membrane in mammalian cells 
 
Inhibition of lit-state BcRGS5 aggregation required an in vitro salinity (1M) 
greater than the 250 mM intracellular alkali cation concentration reported in fungi (9), 
raising the question: does lit-state BcRGS5 similarly aggregate in native-like cellular 
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environments? Natural plant phytochromes, cryptochromes, and their engineered 
optogenetic variants are known to oligomerize in cells into submicron and occasionally 
even larger photobodies upon blue-light activation (26, 144, 220, 230). Although natural 
photoreceptors tend to oligomerize in vitro only into ~50 nm particles, considerably 
smaller than what we observed for BcRGS5 in vitro, we hypothesized potential 
photobody formation for BcRGS5 in cells. 
 
B cinerea is pathogenic and tools to make it genetically tractable are still in active 
development, making detailed studies of BcRGS5 difficult in the native organism (200). 
Therefore, we transiently expressed an mCherry-tagged mammalian codon-optimized 
BcRGS5 gene under the human cytomegalovirus (CMV) promoter in Human Embryonic 
Kidney 293T (HEK) cells, a common cell line for recombinant protein expression (222). 
Critically, mCherry could be fluorescently imaged with a yellow excitation lightsource 
(575/25 nm), red-shifted enough to permit independent visualization of BcRGS5-
mCherry localization and blue-light LOV activation by a second blue light-source. 
 
As soon as twenty-four hours after transfection, BcRGS5-mCherry was 
expressed uniformly throughout the cytoplasm of HEK cells without any visible puncta, 
crystalloid ER or cell blebbing (Figure 3.5A). By comparing the mCherry fluorescence of 
lysate from BcRGS5-mCherry expressing HEK cells to the fluorescence of purified 
recombinant BcRGS5-mCherry standards at known concentrations, we estimated the 
cellular BcRGS5-mCherry concentration at ~5 uM (Figure 3.6). Given that lit-state 
BcRGS5 formed roughly micron-sized aggregates in vitro, we reasoned that if similarly 
sized aggregates formed in cells, we would be able to visualize them with submicron 
resolution at 100X magnification. We took mCherry fluorescence images at 100X 
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magnification on a fully automated wide-field Leica DMI6000B fluorescence microscope 
in dark-adapted HEK cells immediately prior to and after a high intensity (~1.5W/cm2), 
100 ms pulse from a blue LED (440/20 nm) at 5s intervals. Surprisingly, we did not 
observe lit-state BcRGS5 aggregation. Rather, blue-light excitation resulted in the rapid 
recruitment of the BcRGS5-mCherry fusion to the plasma membrane as shown in Figure 
3.5A. Lit-state BcRGS5 trafficked primarily from cytosol to the plasma membrane as 
opposed to sub-cellular organelle membranes based on live-cell co-localization analysis 
with markers for early and late stage endosomes and lysosomes (Figure 3.7).  
 
Blue light-induced localization is directly coupled to flavin photocycling, since it was not 
seen for the BcRGS5-mCherry dark mutant (C291A) in response to blue light (Figure 
3.5B). In contrast, membrane-binding could be made persistent even in the dark by 
introducing a Q356N mutation at a conserved glutamine known to mimic a “permanently-
lit” sensor with a prolonged photocycle as also shown in Figure 3.5B (167). It should be 
noted that lysosomal localization was readily observed for the permanently lit mutant, as 
would be expected for a chronically over-expressed membrane-associated protein. 
 
To directly visualize the plasma membrane of glass-adhered cells, we performed 
total internal reflection microscopy, which permits restriction of the excitation and 
detection of fluorescence to a thin 70 nm slice immediately adjacent to the surface on 
which the specimen is mounted (69). TIRF microscopy revealed a 3-fold increase in 
plasma-membrane BcRGS5 fluorescence for cells formaldehyde fixed under a pulsing 
blue-light rather than in the dark. The increase in lit-state BcRGS5 plasma membrane 
fluorescence revealed by TIRF was similar that observed for GFP forced to the plasma 
membrane by the appendage of a C-terminal CAAX tag that targets the protein for  
67	
	
ep
ifl
uo
re
se
nc
e
70
 n
m
 p
en
et
ra
tio
n 
TI
R
F
Dark-adapted 
BcRGS5
Post-irradiation
BcRGS5GFP Prenylated-GFP
0
1
2
0 50 100
0
1
2
0
1
2
0 50 100 0 50 100
Line position Line position Line position
0 min 10 min
N
or
m
al
iz
ed
 
Fl
uo
re
sc
en
ce
 In
te
ns
ity
Dark
Post Irradiation
Blue-light
 pulseA
C
25 um
B
BcRGS5_C291A
D
ar
k-
ad
ap
te
d 
P
os
t-i
rra
di
at
io
n
BcRGS5_Q356N
10 um
10 um
 
Figure 3.5 BcRGS5 reversibly binds the membrane in mammalian cells. 
(A) The localization of BcRGS5-mCherry is shown for cells in the dark, immediately following a 
100 ms pulse of blue light (440/25 nm) and 10 minutes after blue-light exposure. As shown by the 
line intensity plot, mCherry fluorescence spiked at the cell boundary after blue-light, but reverted 
in the dark within minutes to uniform cytoplasmic expression. (B) Permanently dark (C291A) and 
lit (Q356N) LOV sensor mutants exhibit permanently cytoplasmic and permanently membrane-
bound localization, linking dynamic localization to the LOV photocycle. (C) Comparing the plasma 
membrane fluorescence intensity as acquired by 70 nm penetration TIRF microscopy to cellular 
epifluorescence intensity in the same field of view confirmed that lit-state BcRGS5 is enriched at 
the plasma membrane similarly to GFP localized to the plasma-membrane by prenylation. 
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Figure 3.6 Estimation of the BcRGS5-mCherry concentration in HEK293T cells 
A standard curve was generated with recombinant purified BcRGS5-mCherry to relate absolute 
protein concentrations, [BcRGS5-mCherry], to mCherry fluorescence (F) (ex 575 nm, em 610 
nm). We fit the data with a linear regression to yield a simple relationship between concentration 
and fluorescence (R2~1.0), as indicated by the red line. The BcRGS5-mCherry concentration in 
HEK293T lysate was estimated by transiently expressing BcRGS5-mCherry in HEK cells for 48 
hours until cells were 100% confluent on a 100 mm plate, lysing cells in a mild detergent, 
clarifying lysate to remove insoluble debris and measuring mCherry fluorescence. An equivalent 
plate of non-transfected HEK293T cells was prepared and its lysate fluorescence was subtracted 
from BcRGS5-mCherry transfected cell lysate to correct for background mCherry channel 
fluorescence from the HEK cellular milleau. BcRGS5-mCherry concentration in cell lysate was 
estimated using the corrected lysate fluorescence value and the linear relationship derived from 
the standard curve. Based on the a lysate concentration (C) of 0.13 uM, the number of cells on a 
100 mm plate at 100% confluence (N), 8.8E6, the average HEK cell volume (V), 3E-12 L, and the 
volume of cell lysate (L), 1E-3 L, we estimated cellular concentration to be (C*L)/(V*N) = 4.9 uM. 
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Figure 3.7 Co-localization of BcRGS5-GFP with internal organelles. 
HEK293T cells were transiently co-transfected with BcRGS5 fused to the GFP reporter and a red 
fluorescent marker of (A) lysosomal localization (addgene plasmid #1812); (B) early endosome 
localization (addgene plasmid #49201); or (C) late endosome localization (addgene plasmid 
#61804). Correlation of fluorescence intensity for images taken in both green and red 
fluorescence channels for dark-adapted cells and cells 30s post blue-light illumination revealed 
that lit-state BcRGS5 does not traffic to early or late endosomes, and is slightly more associated 
with lysosomes than in its dark-state. This experimental data was generously shared by P. 
Hannanta-anan (P. Hannanta-anan, unpublished). 
 
prenylation versus cytosolic GFP that is not membrane associated (Figure 3.5C). 
 
Fusion of BcRGS5 to the mCherry reporter facilitated imaging membrane 
association and dissociation, but fluorescent protein fusions are known to affect 
localization and protein function (208). To control for the effect of the mCherry-fusion on 
the observed photorespnsive phenomena, we compared in vitro DLS and kinetic A450 
data measurements for purified recombinant BcRGS5-mCherry relative to that collected 
for purified non-tagged recombinant BcRGS5. Photocycle measurements for BcRGS5-
mCherry under 1M salinity gave the nearly identical photocycle lifetime of 21.1 ± 8.1s as 
the non-tagged BcRGS5 protein (20.3 s ± 1.5s) (Figure 3.8A) However, while BcRGS5-
mCherry still aggregated by DLS upon blue-light exposure, both the size of the 
aggregates formed (maximally ~45 nm compared to ~1um) and observed disaggregation 
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within minutes after termination of blue-light exposure (compared to persistence of 
BcRGS5 aggregates > 60 min) was distinct from the non-tagged version (Figure 3.8B). 
Collectively, these results suggest that fusion of BcRGS5 to mCherry, a highly soluble 
protein, does not fundamentally alter the rate at which the photoadduct thermally decays 
but does affect the rate at which light-triggered aggregation is reversible on a short 
experimental timescale. Importantly, despite the tendency for lit-state BcRGS5 to form 
large, persistent aggregates more so than BcRGS5-mCherry in vitro, we found that non-
tagged BcRGS5 still exhibits light-activated membrane-binding as assayed by 
immunohistochemical staining of 3xFLAG tagged BcRGS5 in formaldehyde fixed cells 
and does not form light-induced micron-sized photobodies in cells (Figure 3.9). Thus, 
the surprising membrane-recruitment photoresponse in cells is mediated by BcRGS5 
and is not fundamentally facilitated by a fluorescent protein fusion. The role mCherry 
plays in diminishing aggregation in vitro as a C-terminal solubility tag will have important 
consequences for future structure-function studies that rely on the production of properly 
folded protein at high concentration that can stably alternate between dark and lit forms. 
 
3.2.7 CeRGS verifies generality of the membrane-binding phenomenon 
 
To test for generality of the membrane-binding phenomenon among fungal LOV 
photoreceptors, we also heterologously expressed in mammalian cells mCherry-tagged 
CeRGS, the second-most highly solubly expressed flavin-bound RGS-LOV-PAS from a 
bacterial solubility screen. In dark-adapted cells, CeRGS-mCherry accumulated in the 
nucleus as well as the cytoplasm (Figure 3.10).  Nuclear localization of RGS proteins is 
common and is known to mediate regulation of cell death, cell-cycle and division, 
transcription, and cellular stress responses, and its shuttling out of the nucleus is 
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Figure 3.8 Fusing BcRGS5 to mCherry speeds disaggregation but doesn’t affect the 
photoadduct thermal decay rate in vitro. 
(A) Recombinant BcRGS5-mCherry fusion protein was expressed in and purified from BL21 
(DE3) E Coli strains and buffer exchanged into 1x PBS at 5 uM. An absorbance spectrum reveals 
both flavin and mCherry peaks. (Inset) Thermal reversion kinetics were measured for dark-state 
recovery post-light exposure at the indicated timepoints (455 nm Mightex LED, 5s, 15 mW/cm2). 
Thermal reversion kinetic data was fit to a one-phase exponential decay function using the 
GraphPad Prism software (v 7.0c) to estimate the rate constant tauoff. (B) Particle size 
distributions were measured by DLS at the indicated timepoints post blue-light exposure (455 nm 
Mightex LED, 5s, 15 mW/cm2). 
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Figure 3.9 Lit-state BcRGS5 is membrane recruited in the absence of a fluorescent 
protein fusion. 
HEK293T cells were seeded on collagen treated glass and transfected with plasmid designed to 
express triple FLAG tagged BcRGS5 under the CMV promoter. After ~48 hours, cells were 
washed and fixed in 4% paraformaldehyde either in the (A) dark or (B) under a pulsing 455 nm 
led (5s ON, 10s OFF) at an intensity of approximately 15 mW/cm2. Fixed cells were blocked with 
5%BSA and 0.2% Triton-X-100 in PBS prior to staining with a DyLIght 488 nm conjugated anti-
FLAG antibody and visualization by widefield fluorescence microscopy. Even in the absence of 
an mCherry fusion partner, lit-state BcRGS5 exhibits robust membrane-recruitment. 
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Figure 3.10 CeRGS verifies generality of the membrane-binding phenomenon. 
Representative fluorescence images of CeRGS-mCherry membrane association and dissociation 
for transiently transfected protein under CMV promoter expression in HEK cells. In the dark-
adapted state and throughout the photocycle, CeRGS is visibly accumulated in the nucleus, a 
common localization pattern for RGS family proteins. Blue-light induces rapid translocation of 
CeRGS from the cytoplasm to the plasma membrane, as indicated by the white arrow, which is 
reversible within minutes. 
 
phosphorylation-dependent (27, 97, 209). Upon transient irradiation, CeRGS similarly 
exhibited light-gated membrane localization that was reversible within minutes. 
Considering that CeRGS is native to the fungus Cyphellophora europaea, which is from 
a different taxonominc class than Botrytis cinerea, these data support the generality of 
the membrane-recruitment photoresponse to at least multiple, and possibly all, fungal 
RGS-LOV-PAS proteins. 
 
3.2.8 Protein-binding is likely not required for light-inducible membrane recruitment 
 
Given that neither natural photoreceptors nor RGS nor PAS proteins are known 
to reversibly associate with plasma membrane, we aimed to establish the signaling 
mechanism underlying this newly observed photoresponse. LOV photoreceptors 
commonly signal via light-inducible protein-protein interactions, and thus we 
hypothesized on photobiological grounds that a high affinity interaction with an integral 
membrane or membrane-associated binding partner could drive reversible membrane 
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recruitment by RGS-LOV-PAS proteins. To identify light-activated protein-protein 
interactions, we expressed a triple FLAG tagged BcRGS5 fusion in HEK293T cells, 
isolated BcRGS5-3xFLAG, and identified its bound protein partners by a combination of 
affinity purification and mass spectrometry (AP-MS) (76, 77, 197, 258). To eliminate 
false positives, we performed AP-MS in HEK cells not expressing FLAG-tagged 
BcRGS5 and compared all hits against the CRAPome, a database of proteins that are 
commonly non-specifically pulled down in AP-MS experiments (154). While we are open 
to the possibility that our experimental conditions were not optimized for pulling down 
membrane proteins and preserving transient interactions during AP-MS, we did not find 
any high-affinity differential protein-protein interactions that could mediate rapid 
membrane-recruitment between samples prepared from illuminated and non-illuminated 
cells (Figure 3.11). 
 
It should be noted that despite the presence of its N terminal RGS domain, dark 
or lit-state binding by BcRGS5 to mammalian G-proteins or other signaling components 
was not detected. AP-MS was performed for HEK cells in their basal state in the 
absence of any exogenous activators of G-protein signaling, so this finding could reflect 
a preference for BcRGS5 binding to only activated G-proteins as do many RGS family 
members, including RGS1, RGS2, RGS4 and GAIP (93, 238). It also could suggest that 
Botrytis cinerea signaling pathway proteins are sufficiently evolutionary divergent as to 
prevent cross species engagement by BcRGS5 with the human proteome. The isolated 
RGS domain from MoRGS, has been shown to bind the M. Oryzae G-proteins MagB 
and MagC, a result we have repeated by yeast-2-hybrid. (251) Therefore, it stands to 
reason that the homologous RGS domain in BcRGS5 likely similarly engages one or 
more of its own native B. cinerea G-proteins, BCG1, BCG2, or BCG3. Regardless of  
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Figure 3.11 No high affinity differential protein-protein interaction found by AP-MS for 
samples prepared from illuminated and non-illuminated cells. 
(A) Affinity purification-mass spectrometry (AP-MS) was performed for illuminated and non-
illuminated cells as shown in the flowchart. (B) Uniquely interacting proteins found in illuminated 
cells relative to non-illuminated cells were plotted according to their sequence coverage and 
abundance as reported by the peptide spectral match parameter. Observed differential protein-
protein interactions are largely poor in sequence coverage, and of extremely low abundance, 
especially as compared to the BcRGS5 bait, identified in samples with a peptide spectral match 
count of 1800-2000. (C) The 5 both most abundant and most highly covered differentially bound 
(light v dark) proteins were further analyzed by analysis of the CRAPome, a database of common 
contaminants in AP-MS experiments (154). All five proteins have been commonly found in other 
AP-MS experiments, and are thus extremely likely to be false positives. 
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potential G-protein binding by BcRGS5, protein-protein interactions cannot account for 
the rapid membrane binding observed in mammalian cell lines that do not have 
exogenously activated G-proteins and do not express fungal G-proteins. 
 
3.2.9 BcRGS5 is recruited to mammalian cell membrane on the seconds timescale 
 
As described in the introduction to this chapter, dynamic control of RGS localization 
in mammalian systems is commonly mediated by post-translational modifications such 
as phosphorylation and palmitoylation. Thus, in light of AP-MS results that were 
inconsistent with protein-binding mediated membrane recruitment, we hypothesized on 
the grounds of RGS biology that reversible post-translational modification of RGS-LOV-
PAS proteins could drive their light-inducible localization. Since post-translationally 
mediated control over protein localization occurs on the minutes timescale (3, 180, 229), 
we measured the rate at which BcRGS5 associates with and dissociates from plasma 
membrane to determine if recruitment kinetics could be consistent with this localization 
mechanism. We measured the functional membrane association kinetic rate constant for 
BcRGS5-mCherry by live-cell imaging every 400 ms and found that membrane binding 
by lit-state BcRGS5 was rapid (τon = 1.48s) (Figure 3.12A) This experimentally 
measured seconds-timescale association lifetime suggests that post-translational 
modification of BcRGS5 is not required for membrane recruitment.  
 
3.2.10 Membrane association is likely diffusion limited 
 
 The high speed at which BcRGS5 was light-inducibly recruited to the plasma 
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Figure 3.12 Membrane association and undocking kinetics are fast. 
Representative fluorescence images of BcRGS5-mCherry membrane (A) association and (B) 
dissociation for transiently transfected protein under CMV promoter expression in HEK cells. 
Kinetic measurements were made by comparing the ratio of membrane to cytoplasm 
fluorescence intensity at the single-cell level prior to, immediately after, and following a 100 ms 
blue-light pulse (440 nm) at high intensity (1.5 W/cm2). Mean datapoints for the indicated number 
of cells, n, and standard error shown. Data were fit by nonlinear, one-phase exponential 
association or decay functions with the GraphPad Prism software (version 7.0c).  
	
membrane suggested that membrane association could be diffusion-limited. The overall 
association rate constant for a protein binding to a membrane, kf, takes the same form 
as for a ligand binding to a receptor and is shown in equation 1, where k+ is a diffusion 
rate constant for finding membrane and kon is an intrinsic reaction rate constant for 
finding “receptor,” which here is a membrane binding partner (125).   
 
 As shown, equation 1 takes the same mathematical form as for the summing of 
two resistances; in other words, an overall resistance to binding is composed of 
individual resistances contributed by diffusion (1/k+) and reaction (1/kon). 
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Equation 3.1:    
 
From equation 3.1, it is clear that when kon >> k+, then kf ~ k+ and binding is 
dominated by the diffusion term, which is known as “diffusion-limited binding” (125). 
Given that binding between BcRGS5 and membranes is high affinity as will be discussed 
in Chapter 4, this diffusion-limited approximation is reasonable for lit-state BcRGS5 
membrane-recruitment. A diffusion constant for BcRGS5-mCherry, ~8.8E-8 cm2/s, was 
calculated from the dark-state radius measured in vitro by DLS (~10 nm) by using the 
Stokes-Einstein relation and an approximate cytoplasmic viscosity of 2.5 centipoise 
(146). With a known diffusion constant (D), the time (t) is takes for a purely diffusing 
molecule to travel a distance (L) in 2 dimensions may be estimated by equation 3.2. 
 
Equation 3.2:      
 
From equation 3.2, we can estimate the time for BcRGS5-mCherry to travel a 
length of the average HEK cell radius of 5-7.5 um, to be ~0.7-1.6s. The remarkable 
agreement between the estimated BcRGS5 mean travel time to the cell boundary by 
diffusion only and the measured mean membrane association lifetime of ~1.5s suggests 
that membrane association approaches the diffusion-limited association. 
 
If our assumptions regarding high affinity membrane binding and diffusion-limited 
association were both true, immediately after blue-light exposure, any protein near the 
cell surface would almost immediately bind membrane. That would in turn leave a 
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transient zone of depletion proximal to the membrane that would persist until protein 
diffused from the cell interior, which we estimated above would require 0.7-1.6s. In 
contrast, if binding were much slower than transport, then at every point in time, 
relatively faster diffusion would result in a uniform cytoplasmic protein distribution (198). 
As shown for a representative HEK cell transiently expressing mCherry tagged BcRGS5 
that was imaged at time points both within and after the 0.7-1.6s diffusion window, two 
transient zones of depletion formed right near the membrane (Figure 3.13). By 2s after 
blue-light stimulation, the zones of depletion disappeared and the cytoplasmic 
distribution of BcRGS5 was uniform. Thus, experimental results support our assertions 
that BcRGS5 membrane association approaches the diffusion-limit. 
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Figure 3.13 Experimental evidence for diffusion-limited BcRGS5 membrane 
association. 
(A) Binding-limited membrane-association is associated with uniform cytoplasmic protein 
concentrations at all time points. In contrast, diffusion-limited membrane association results in the 
formation of a transient zone of depletion proximal to the membrane that persists until protein 
diffuses out to the cell boundary from the peri-nuclear space, as we find for (B) mCherry tagged 
BcRGS5 expressed in HEK293T cells. Line intensity plots show cellular fluorescence intensity as 
a function of distance from the cell interior, just outside the nucleus in the perinuclear space. 
Fluorescence intensity is elevated at the edges of the cell at all timepoints after blue-light 
exposure, but the cytoplasmic concentration is non-uniform at early timepoints, indicated by the 
orange and yellow intensity traces. Once sufficient time has passed, fluorescence intensity is 
elevated at the membrane and is uniform in the cytoplasm, as is indicated by the blue traces. 
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3.2.11 Functional reversion kinetics for BcRGS5 are fast  
	
We measured the functional reversion kinetics of BcRGS5-mCherry membrane-
undocking in cells by comparing the ratio of mCherry fluorescence at the membrane to 
mCherry fluorescence in the cytoplasm over time after a blue-light pulse. We fit the 
membrane-cytoplasm ratio to a nonlinear one-phase exponential decay function to 
determine that the cellular “tau-off” time constant for BcRGS5 is 53.8s (95% CI: 33.7-
114s)  (Figure 3.12B). The reversion kinetics of BcRGS5-mCherry membrane-
undocking were fast, as compared to undocking of membrane-binding proteins that are 
natural, such as small GTPases (75) or engineered, such as cryptochome heterodimers 
(116), or even as compared to the glucose-induced internalization of Arabidopsis 
thaliana RGS1 (229), all processes with mean dissociation lifetimes on the minutes 
timescale. However, dissociation from live cell membranes did proceed on a slower 
timescale than the thermal reversion of the LOV cysteinyl-flavin photoadduct, reported 
earlier in this chapter to be 20.3 ± 1.5s. Our finding that thermal reversion kinetics are 
faster than membrane-undocking kinetics is consistent with a simple two-step 
membrane-binding process, in which dissociation initiated by photo-adduct thermal 
reversion is followed by a slow step that is rate-limited by a combination of photoreceptor 
structural rearrangement and undocking from the membrane.  
 
In summary, BcRGS5 has considerably fast photocycle dynamics both at a 
photochemical and functional level in vitro and in cells (117, 119, 135, 218) that are 
inconsistent with a post-translational-modification based mechanism of reversible 
membrane association.  Short membrane association and dissociation lifetimes enable 
sensitivity to blue-light of a wide range of intensities and allow for more precise tracking 
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of dynamic light stimuli. Thus, this kind of irradiance response may be critical for the 
photobiological role BcRGS5 plays in B cinerea and increase the value of a BcRGS5-
based optogenetic tool as a single-component alternative to existing hetero-dimerization 
approaches for membrane localization (83, 116, 130). 
 
3.2.12 Membrane recruitment is electrostatically controlled in cells 
 
Failure to detect a light-inducible high affinity BcRGS5 protein-protein interaction 
and our observation of rapid BcRGS5 membrane association kinetics suggested that 
dynamic localization could instead be mediated by a direct protein-lipid interaction. 
Reversible membrane interactions by peripheral proteins commonly operate by an initial 
electrostatic attraction of an exposed lipid-binding domain or molecular protein surface to 
acidic phospholipid headgroups and subsequent penetration of hydrophobic moieties 
(35, 57, 151, 228). Protein-lipid interactions can also arise from stereospecific specific 
binding interactions mediated by conserved globular domains, such as the well studied 
pleckstrin homology domain family that targets highly negatively charged phosphorylated 
phosphoinositides (PIPs) (113, 127, 128). Thus, we hypothesized that light-driven 
structural rearrangements in BcRSG5 could expose a positively charged lipid-binding 
surface that has either high or low specificity for acidic phospholipids in membranes and 
is aggregation prone in the absence of lipids in solution. Since the electrostatic effects of 
charged surfaces are effectively screened in high salt solutions, a model that involves 
positively charged surface exposure is consistent with our observation that light-
activated aggregation is inhibited by high salinity in vitro.  
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To simultaneously test for both low-specificity electrostatically controlled 
membrane-recruitment and highly specific binding to phosphotidylinositide lipid species, 
we conducted BcRGS5 localization assays in mammalian cells pre-treated with the 
cationic aminoglycoside neomycin (positive charge +4.5), an inhibitor of electrostatic 
interactions and especially phosphoinositide lipid-binding (107, 188, 233). Neomycin did 
not significantly affect the degree to which lit-state BcRSG5 bound the mammalian 
membrane. However, at 1 minute and 2 minutes after the conclusion of a blue-light 
pulse, as lit-state BcRGS5 reverted to the dark-state and localized to the cytosol, we 
found a diminished BcRGS5 membrane presence in neomycin-treated cells relative to  
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Figure 3.14 Competitive phosphoinositide binding inhibits BcRGS5 membrane 
recruitment 
HEK293T cells expressing BcRGS5-mCherry were either untreated (green bars) or treated 
(orange bars) with 20 mM neomycin for 1 hour at 37ºC. Kinetic measurements were made by 
comparing the ratio of membrane to cytoplasm fluorescence intensity at the single-cell level for 
70+ cells for each condition prior to, immediately after, and following a 100 ms blue-light pulse 
(440 nm) at high intensity (1.5W/cm2). (A) Mean membrane:cytoplasm ratio shown at the 
indicated timepoints after the conclusion of the light pulse along with standard error. (B) The 
GraphPad Prism software (version 7.0c) was used to calculate area under the curves (AUC). 
Over the course of a single 100 ms blue-light pulse induced membrane-binding event, neomycin 
treatment reduced BcRGS5 presence at the membrane by 20%.  Neomycin treatment reduced 
BcRSG5-mCherry membrane-binding, primarily by accelerating membrane-undocking after 
maximal membrane-binding had been achieved post blue-light exposure. 
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the controls (Figure 3.14A). Over the course of a single 100 ms blue-light pulse induced 
membrane-binding event, neomycin treatment reduced BcRGS5 presence at the  
membrane by 20%, a modest extent compared to the 30-40% reduction found for the 
high affinity interaction between the pleckstrin homology binding domain and 
phosphoinositides in neomycin-treated cells (Figure 3.14B) (188). These data suggest 
that neomycin competitively displaced dark-state BcRGS5 from anionic cell membrane 
to accelerate its return to the cytoplasm and support a protein-lipid interaction based 
mechanism for BcRGS5 membrane association. 
 
3.3 Conclusions and Future Directions 
 
To the best of our knowledge, photoreceptors are not known to traffic by direct 
light-gated association with membrane phospholipids. Thus, establishing the underlying 
mechanism driving BcRGS5 photoresponsive phenomena would fundamentally advance 
our understanding of photosensory signaling. To confirm our hypothesis that BcRGS5 
can directly and light-inducibly interact with lipids unequivocally, we need to assay 
BcRGS5-lipid binding without confounding competitive biomolecular interactions in cells. 
In Chapter 4, we will extensively discuss our use of protein-lipid overlay assays and our 
creation of synthetic cell-like compartments, comprised of only BcRGS5 and specified 
membrane phospholipids, for biophysical studies that collectively revealed rapid 
(seconds-timescale), light-gated, and direct electrostatics-mediated association binding 
between BcRGS5 and anionic phospholipids.   
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3.4 Materials and Methods 
 
3.4.1 Maximum Likelihood phylogenetic tree construction 
 
The maximum likelihood phylogenetic tree was constructed for all 66 fungal 
RGS-LOV sequences by multiply aligning sequences with MUSCLE, building a 
phylogenetic tree with PhyML and rendering a tree with TreeDyn, using all default 
settings in an automated “one-click”mode pipeline through the phylogeny.fr webserver 
(http://www.phylogeny.fr) (50). Taxonomic class assignments were made with the 
Interactive Tree of Life (iTOL) server (http://itol.embl.de)(129). 
 
3.4.2 Secondary structure modeling and consensus annotation 
 
RGS-LOV-PAS amino acid sequences were submitted individually to 4 
secondary-structural prediction algorithms: iTASSER (242), Jpred (42, 46), Phyre2 (114) 
and PSIPRED (150). By equally weighting alpha-helix and beta-sheet predictions from 
the 4 algorithms at every amino acid residue and requiring 2 of 4 programs to agree on 
any given structural element, a consensus secondary-structure prediction was 
generated. Amphipathic helices were predicted with the HeliQuest webserver using all 
default settings. 
 
3.4.3 De novo structure prediction by Rosetta 
 
De novo structural predictions were made with Rosetta v 3.8 on 100 Intel E5-
2665 2.4Ghz Xeon Processors using the Abinitio Relax protocol. The consensus 
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secondary structure prediction was used throughout the process to filter out trajectories 
that were unlikely to converge to the supplied secondary structure. Near-native 
topologies were identified by determining the most frequently sampled conformations 
using clustering with RMSD as the distance metric. The lowest energy trajectory of the 
largest cluster was hypothesized to be the closest approximation of the native structure. 
 
3.4.4 Generation of Genetic Constructs  
 
BcRGS5 (GenBank ID CCD53251.1), CeRGS (GenBank ID ETN36999.1), 
MbRGS (GenBank ID EKD19672.1), MoRGS5 (GenBank ID EHA46884.1), and EdRGS 
(GenBank ID EHY60539.1) genes were ordered from Integrated DNA Technologies 
(IDT) as a gBlocks® gene fragments and cloned by restriction digest into the BamUK 
bacterial expression vector, a kind gift from Dr. Ranganath Parthasarathy. BamUK is a 
pET21/28 derived bacterial expression vector with the high copy pUC origin of 
replication, kanamycin resistance, a T7/lacO promoter and a multiple cloning site 
designed to allow for an in-frame N terminal 6 histidine tag fusion. All C terminal 
mCherry fusions in BamUK were generated by Gibson cloning. Fusion protein constructs 
feature a short, flexible GGGSGGGS linker between the C terminus of the protein of 
interest and the N terminus of mCherry. Truncation mutants of BcRGS5 were generated 
by PCR from the full-length gene fragment template and subcloning into the mCherry-
BamUK vector. All constructs were transformed into Turbo competent E Coli (NEB 
C2984H) during cloning and verified by Sanger sequencing. 
 
The DNA sequence of BcRGS5 was also optimized for expression in homo 
sapiens by GenScript with their OptimumGene algorithm. The resulting "mammalian 
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optimized" sequence was cloned into the pcDNA3.1 mammalian expression vector 
(Invitrogen). A C-terminal mCherry fusion was generated by Gibson cloning. The fusion 
protein construct features a short, flexible GGGSGGGS linker between the C terminus of 
the protein of interest and the N terminus of mCherry. A "3xFLAG®" tag (Sigma Aldrich) 
was genetically fused to the C terminus of BcRGS5 with a short GGGS flexible linker. 
 
Mutants were generated by following the Quickchange II site-directed 
mutagenesis method according to the manufacturer's instructions. Briefly, overlapping 
forward and reverse primers encoding the mutation of interest were designed with a 
melting temperature ≥78ºC. We introduced the designed mutation over 18 cycles of PCR 
with the high fidelity phusion polymerase (NEB M0531S) and template plasmid was 
digested with DpnI for 1 hour at 37ºC prior to transformation into Turbo competent E Coli 
(NEB C2984H). We performed Sanger Sequencing to identify single colonies harboring 
plasmids with the designed sequence. 
 
3.4.5 Protein Expression and Purification 
 
 Bacterial expression plasmids were transformed into BL21(De3) E. Coli cells by 
mixing 10 ng of purified plasmid DNA into 10 uL of chemically competent cells (NEB 
C2527H), incubating at 4ºC for 30 minutes, heat shocking cells in a 42ºC water bath for 
30 seconds, placing heat-shocked cells on ice for 2 minutes, and then incubating for 1 
hour at 37ºC in 100 uL S.O.C media. We grew transformed cells on Luria Broth (LB) 
plates with 50 ug/mL kanamycin overnight at 37ºC to identify successfully transformed 
single colonies. Single colonies were picked and grown overnight to saturation in LB 
media with 50 ug/mL kanamycin. Cultures for protein production were initiated by diluting 
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saturated overnight cultures 1:200 into fresh LB Kanamycin media in 1-2L baffled flasks, 
which were subsequently grown to a mid-log phase OD600 of 0.5-0.8 at 37ºC with 250 
rpm shaking. We induced protein production with 0.5 mM isopropyl-beta-D-
thiogalactopyranoside (IPTG), moved cultures to a refrigerated incubator, and grew cells 
for 18-22 hours at 18ºC with 250 rpm shaking. Cells were harvested in 250 mL 
centrifuge bottles by spinning at 3000 x g for 20 minutes and subsequently frozen at -
20ºC for 2 hours - 2 weeks prior to cell lysis and purification. 
 
 Frozen cells were thawed at room temperature for 5-10 minutes and then 
resuspended in 50 mL ice-cold lysis buffer (50 mM sodium phosphate, 500 mM NaCl, 
0.5% Triton-X-100, pH 6.5) per liter of harvested cell culture. All subsequent steps were 
carried out on ice or in a 4ºC cold room. Resuspended cells were homogenized with 3 
passes through a 21-gauge syringe needle. 10 mL aliquots of homogenized cells in lysis 
buffer were each sonicated 5 times with a duty cycle of 15s ON, 30s OFF with a Fisher 
Scientific Series 60 Sonic Dismembranator F60 at 100% power (Setting "20", 60W). 
Sonicated cells from individual aliquots were pooled and transferred to a 50 mL 
polycarbonate conical tube and centrifuged at 25,000 x g for 30 minutes at 4ºC to pellet 
cell debris and insoluble proteins. The supernatant was decanted, passed through a 
0.22 um syringe filter to remove particulates and stored at 4ºC prior to further 
purification. 
 
 We purified protein using a 5 mL Ni-NTA (GE HisTrap FF) column by fast protein 
liquid chromatogphy (FPLC) on an AKTA Basic FPLC with inlet valves connected to both 
buffer A (50 mM sodium phosphate, 500 mM NaCl, 10% glycerol, pH 6.5) and buffer B 
(50 mM sodium phosphate, 500 mM NaCl, 10% glycerol, 500 mM imidazole, pH 6.5). 
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Briefly, cell lysate supernatant was loaded into a 50 mL superloop covered with 
aluminum foil to maintain the contained sample in complete darkness throughout FPLC 
operation. We injected the superloop contents onto the equilibrated Ni-NTA HisTrap FF 
column, also covered with aluminum foil, at 1 mL/min and subsequently washed the 
column with 15 column volumes of 4% B buffer at 5 mL/min. We set Buffer B to increase 
from 4% to 40% over 15 column volumes with a linear gradient operating at 5 mL/min, 
and any eluted protein over that time period was sent to waste. Buffer B was increased 
to 100% and we proceeded to collect 10, 2 mL elution fractions using an automated 
fraction collector. We pooled eluted protein fractions according to their concentration and 
purity as estimated by SDS-PAGE and UV-Visible Spectroscopy and buffer exchanged 
them into 1x PBS with a disposable PD-10 desalting column with Sephadex G-25 resin 
(GE 17085101) according to manufacturer's instructions. Buffer exchanged material was 
centrifuged at 4ºC at 25,000 x g for 30 minutes to pellet insoluble protein debris. We 
buffer exchanged the clarified buffer-exchanged protein into 1x PBS an additional two 
times, re-equilibrating the desalting column with 1x PBS prior to each usage. Protein 
was stored for usage for 1-2 weeks at 4ºC without minimal degradation or further 
precipitation. 
 
3.4.6 Estimating the fraction of LOV photoreceptor apoprotein 
 
 The apoprotein content of purified recombinant LOV photoreceptors in 1x PBS at 
5 uM was estimated by UV/Visible spectroscopy with a Tecan Infinite M200 
spectrophotometer (136, 186, 231). Absorbance measurements at 450 nm and 280 nm 
were made in a 100 uL, 10 mm pathlength quartz cuvette (Starna Cells 16.100F-Q-
10/Z15) and absorbance of 1x PBS as a blank for dark-adapted protein samples. Amino 
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acid residues do not absorb at 450 nm, so any measured A450 signal could be attributed 
to the flavin-cromophore. Thus, the concentration of flavin-bound protein (Cflavin) was 
estimated by dividing the A450 nm reading by the molar extinction coefficient of flavin at 
450 nm (εFMN450 = 12,500 M-1cm-1) and the optical pathlength of the cuvette (l = 1 cm) 
as shown in equation 3.3. 
 
Equation 3.3                 
 
 In contrast, both flavin and protein absorb 280 nm light. We calculated the 
individual contribution that flavin makes to the total 280 nm signal by multiplying the 
estimated flavin-bound protein concentration from equation 3.3 by the molar extinction 
coefficient for flavin at 280 nm (εFMN280 = 20,300 M-1cm-1) and the pathlength of the 
cuvette (1 cm). Then, we subtracted this theoretical flavin chromophore contribution to 
the 280 nm absorbance from the total 280 nm absorbance and divided by the apoprotein 
extinction coefficient to find the measured the total protein concentration as shown in 
equation 3.4.  
 
Equation 3.4           
 
 The apoprotein extinction coefficient was calculated using the ExPASy-
ProtParam tool with the amino acid sequence of the expressed RGS-LOV-PAS 
photoreceptor as the sole input (11). We estimated the percent of apoprotein in the 
sample by dividing the flavin-bound protein concentration by the total protein 
concentration and multiplying by 100 as shown in equation 3.5. 
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Equation 3.5    
 
3.4.7 Visible absorption spectroscopy 
 
 200 uL of dark-adapted sample was transferred to a 100 uL, 10 mm pathlength 
quartz cuvette (Starna Cells 16.100F-Q-10/Z15), which was then loaded into a Tecan 
Infinite M200 spectrophotometer. Full spectrum absorbance scans were performed from 
wavelengths 250-700 nm with a 1 nm step size and 25 flashes per measurement using 
the i-control™ Tecan software. Samples were blanked with an equivalent volume of 
1xPBS. 
 
3.4.8 Measuring LOV photoreceptor photocycle kinetics 
 
 Photocycle kinetics were measured by monitoring the absorbance at 450 nm 
(A450), the peak flavin absorbance for non-covalently bound flavin in dark-state LOV 
sensors, for samples in 96-well plates at 450 nm on the Tecan M200. Optical density at 
600 nm (OD600) was also monitored to report the formation of large aggregates that 
scatter light. Briefly, A450 and OD600 were measured roughly every 10-15s for 1 minute 
for samples in the dark and at room temperature. Samples were then illuminated for 5s 
with blue-light at 15 mW/cm2 and then returned to the dark, where we continued to 
measure A450 and OD600 every 10-15s for an additional 10 minutes. Absorbance and 
optical density readings were normalized to initial dark-state values. 
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3.4.9 SDS-PAGE and Western Blotting 
 
 Protein samples in 1x NuPAGE® lithium dodecyl sulfate (LDS) sample buffer 
(ThermoFisher Scientific, NP0007) were heated to 70ºC for 10 minutes and loaded on 
pre-rinsed, 15-well, 4-12% Bis-Tris 1.0 mm NuPAGE® SDS-PAGE gels along with the 
Mark12 unstained standard (ThermoFisher Scientific, LC5677) or the MagicMark XP 
Western Protein Standard (ThermoFisher Scientific, LC5602). Gels were run in 1x 
MOPS running buffer for 45 minutes at 200V. Gels were either visualized by staining 
with InstantBlue Coomassie stain (Expedeon ISB1L) according to manufacturer’s 
instructions, or protein was transferred to Polyvinylidene difluoride (PVDF) membranes 
(ThermoFisher Scientific, LC2005) at 30V for 1 hour in 1x NuPAGE® transfer buffer 
(ThermoFisher Scientific, NP0006) for western blotting. PVDF membranes were probed 
with mouse monoclonal antibodies to the antigen of interest and then probed with IRDye 
680RD Goat anti-Mouse IgG. We visualized western blots on an Odyssey CLx Infrared 
Imaging System (Li-Cor Biosciences, Model 9140). 
 
3.4.10 Measuring protein particle size by Dynamic Light Scattering 
 
 Particle size analysis was performed using a Zetasizer Nano Series (Malvern 
Instruments) for protein at 5 uM in 1x PBS buffer. Three 10s scans were averaged for 
each reported timepoint. Samples were initially measured in the dark. After external 
illumination for 5s with blue-light at 15 mW/cm2, samples were returned to the dark DLS 
chamber, where we continued to measure particle size up to 60 minutes. 
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3.4.11 HEK293T Cell Culture and Transfection 
 
 We cultured HEK293T (ATCC CRL-3216) cells in Dulbecco's Modified Eagle's 
Medium with GlutaMAX (Invitrogen 10566016), supplemented with 10% heat-inactivated 
fetal bovine serum (FBS) and Penicillin-Streptomycin at 100 U/mL. Cells were 
maintained in tissue-culture treated dishes in a water-jacketed incubator (Thermo/Forma 
3110) at 37ºC and under 5% CO2. One day in advance of transfection, cells were 
seeded at 25% confluence onto collagen-treated glass bottom dishes or into 24 plates 
with glass-bottom wells (Cellvis P24-1.5H-N). Cells at >60% confluence were transfected 
according to manufacturer’s instructions with the TransIT-293 transfection reagent 
(Mirus Bio MIR2700). 24-48 hours after transfection, cells were further studied or 
imaged. 
 
3.4.12 Fluorescence Microscopy and Optogenetic perturbation 
 
 We imaged all samples on a Leica DMI6000B fluorescence microscope with a 
sCMOS camera (pco.edge), an LED illuminator (Lumencor Spectra-X), and 20X, 63X 
and 100X objectives. Automated optogenetic stimulation and image acquisition was 
performed under Metamorph software control. To image mCherry-fused proteins, we 
used a custom filter set from Chroma with a T585lpxr dichroic and ET630/75m emission 
filter. The filter set had no excitation filter to permit simultaneous mCherry imaging 
(excitation with the yellow 575/25 nm Lumencor LED) and optogenetic stimulation 
(excitation with the blue 440/20 nm Lumencor LED). Exposure times ranged from 0.1-2 
seconds. 
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3.4.13 Measuring Membrane localization kinetics 
 
24-48 hours after transfection, ~100% confluent HEK293 cells on collagen-
treated glass-bottom plates were imaged for mCherry localization as described above in 
Materials and Methods section 3.4.12 on a wide-field fluorescence microscope with a 
63x objective. Prior to blue-light exposure, three images (exposure time 100ms) were 
gathered at 15s intervals over 30s to establish dark-state localization. After a brief 100 
ms pulse of high intensity blue-light (~100 uW, 440/25 nm Lumencor LED excitation 
source), mCherry images were collected either every 400 ms to monitor membrane 
association or every 5s to monitor membrane dissociation. Membrane localization 
kinetics were measured for single-cells by (i) manually segmenting a portion of the cell 
boundary and a portion of the cytoplasm of equivalent area using the region of interest 
manager in ImageJ (version 2.0.0-rc-43/W0e) (ii) calculating the mean gray value 
intensity over the segmented regions over time and (iii) taking the cell boundary (or 
membrane) to cytoplasm ratio and normalizing it by the dark-state ratio. Normalized 
membrane-cytoplasm ratios were averaged over all single-cells analyzed prior to fitting 
the curves with one-phase exponential decay or association models with the GraphPad 
Prism7 (v7.0c) software. 
 
3.4.14 Formadehyde Fixation 
 
 We fixed cells in 4% paraformaldehyde in 1x PBS for 15 minutes at room 
temperature. Dark-state cells were fixed under a dim red working light, while lit state 
cells were illuminated with a strobing 455 nm LED at ≥ 10 mW/cm^2 (5s ON, 10s OFF 
duty cycle) for 30s prior to fixation and throughout the 15 minutes of fixation. 
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3.4.15 Total internal reflection fluorescence microscopy (TIRF) 
 
TIRF images were acquired on a Leica DMI 6000B inverted microscope with 
laser-based autofocus, a photometric evolve EMCCD camera and a TIRF 100x oil 
immersion HCX PL APO (1.46 NA; correction collar) objective lens. Samples were 
grown and fixed on 35 mm dishes with number 1.5 glass coverslips (MatTek) according 
to the method described in section 3.4.14, and were excited with 488 nm laser lines. 
Image acquisition was controlled using the Leica Application Suite Advanced 
Fluorescence (LAS AF) software. 
 
3.4.16 Immunocytochemical controls and localization analysis 
 
 Formaldehyde fixed cells, seeded and grown on collagen-treated 24 well glass-
bottom plates with performance #1.5 cover glass (Cellvis P24-1.5H-N), were washed 
three times with 1x PBS and then blocked with 5% BSA (Thermo Fisher Blocker BSA 
37525) and 0.2% Triton-X-100 () in 1x PBS for 1 hour at room temperature. Blocked 
cells were incubated overnight at 4ºC with mouse Dylight 488 conjugated DYKDDDDK-
tag monoclonal antibody (FG4R) (MA1-91878-D488) at 4 ug/mL in 2% BSA, 0.2% 
Triton-X-100 in PBS. Cells were washed three times with 1x PBS and imaged on an 
automated Leica DMI6000B fluorescence microscope. 
 
3.4.17 Immunoprecipitation and Binding partner identification by Mass Spectroscopy 
 
 HEK293T cells were seeded on tissue-culture treated 100 mm petri dishes at 
30% confluency and grown for 24 hours prior to transfection with 15 ug of Midiprep 
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prepared plasmid with TransIT293 transfection reagent (MirusBio) and OptiMEM serum 
free media according to the standard MirusBio TransIT293 transfection instructions. 48 
hours after transfection, each 100 mm plate was washed once with 5 mL of ice-cold PBS 
and then treated with 1309 uL of ice-cold lysis buffer (50 mM Tris, 150 mM NaCl, 1mM 
EDTA, 1% Triton-X-100, 1x Complete Mini EDTA-free protease inhibitors (Roche), pH 
7.4). Cells were agitated in lysis buffer for 30 minutes on ice. We then scraped the plates 
to detach any remaining adherent cells and pipetted gently to homogenize the 
suspension prior to transferring it into a pre-chilled microcentrifuge tube.  
 
 We sonicated each sample 2 times with a duty cycle of 5s ON, 5m OFF with a 
Fisher Scientific Series 60 Sonic Dismembranator F60 at 50% power (Setting "10"). The 
resulting lysate was centrifuged for 10 minutes at 14,000 xg at 4ºC. The supernatant 
was carefully removed and filtered with a 0.22 um syringe filter to remove particulates. 
Clarified lysate was used to resuspend 50 uL (packed gel) of pre-washed Anti-Flag M2 
Magnetic beads (Sigma Aldrich M8823) in a microcentrifuge tube and the bead-lysate 
mixture was nutated at 4ºC for 3 hours.  
 
 Microcentrifuge tubes were then transferred to a magnetic separation rack (NEB 
S1506S) and allowed to stand until the magnetic beads formed a distinct pellet. Washes 
were performed by discarding the supernatant, resuspending the magnetic beads in 1 
mL of TBS (50 mM Tris-HCl, 150 mM NaCl, pH 7.4), nutating outside of the magnetic 
rack for 3 minutes at 4ºC, transfering the tube to the magnetic rack, and removing the 
supernatant. A total of three washes were performed. After the last wash, we collected 
the magnetic beads and resuspended them in 100 uL 1x NuPAGE LDS Sample Buffer 
(Thermo Fisher Scientific NP0007) in TBS. Beads were then boiled for 3 minutes at 
95	
	
95ºC to elute all bound protein. The boiled microcentrifuge tubes were placed once more 
in the magnetic separation rack and the supernatant containing all immunoprecipitated 
proteins and their bound partners was saved and stored at -20ºC.  
 
 Immunoprecipited protein samples were shipped on dry ice to the Proteomics 
Resource Center at the NYU Langone Medical Center. Binding partners were 
characterized and identified by mass spectrometry according to standard NYU 
Proteomics Resource Center operating protocols. Briefly, immunoprecipiated samples 
were reduced and alkylated prior to being run and excised from a NuPAGE 4-12% Bis 
Tris Gel 1.0 mm (Life Technologies). Excised bands were dehydrated and trypsinized 
overnight at room temperature while being agitated. Peptides were extracted, rinsed and 
reconstituted in 0.5% acetic acid prior to undergoing LC (EASY-nLC 1000 
ThermoScientific) separation with autosampling online with MS (Orbitrap Elite mass 
spectrophotometer (ThermoScientific)). High resolution full MS spectra were acquired 
and were searched against a UniProt human database using Sequent within Proteome 
Discoverer software (ThermoFisher Scientific). 
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CHAPTER 4: Lit-state BcRGS5 traffics by direct light-gated 
association with membrane phospholipids 
	
4.1 Introduction 
 
The myriad findings presented in Chapter 3 establish that BcRGS5 is a 
representative member of a new class of LOV photoreceptors that reversibly associate 
with the plasma membrane upon sensing blue-light in heterologous mammalian cell 
expression systems. In the absence of membrane lipids in solution, BcRGS5 aggregates 
upon blue-light exposure. Proteins may reversibly traffic to and associate with 
membrane via several mechanisms, including (i) by binding integral membrane or 
membrane bound proteins (ii) through post-translational modification (e.g. 
phosphorylation, prenylation), (iii) by exposure of a surface for highly specific lipid-
binding, or (iv) by electrostatic interactions with acidic phospholipids, including 
phosphatidylserine, phosphatidic acid and phosphoinositide species (35, 66, 128) 
(Figure 4.1A). In Chapter 3, AP-MS results (Figure 3.11) and membrane association 
kinetics measurements (Figure 3.12) indicated that models of BcRGS5 membrane 
recruitment involving either light-inducible protein-protein interactions or post-
translational modifications were inconsistent with experimental data. Instead, 
experimental results possibly suggested that BcRGS5 membrane recruitment involved 
direct protein-lipid interactions (Figure 3.14).  
 
Phospholipids, which are the most abundant plasma membrane lipids (5), are 
quite diverse, both in the chemistry of their nonpolar fatty acid tail and the chemical 
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nature of their polar headgroup. Depending on polar headgroup chemistry, the net 
charge of a phospholipid can vary from 0, as for zwitterioninc phosphatidylcholine (PC), 
to weakly negatively charged (-1) for monoacidic phospholipids like phosphatidylserine 
(PS) to highly negatively charged (-1 to -4) for various phosphorylated 
phosphatidylinositide species (Figure 4.2A). Some protein-lipid interactions are driven 
by modular globular domains that target particular lipid types present at low abundance 
with stereospecific recognition, such as the phosphoinositide-specific pleckstrin 
homology (PH) domains (113). In contrast, other proteins indiscriminately bind lipid 
membranes that are sufficiently negatively charged via electrostatic interactions, which 
may ultimately lead to the insertion of hydrophobic and aromatic residues into the 
membrane. Such acidic phospholipid binding may be mediated by polybasic protein 
surfaces, conserved domains like the alpha helical BAR domain (128), or amphipathic 
helices. Amphipathic helices (AH) are helical secondary structural elements defined by 
the segregation of hydrophobic and polar or charged residues on two opposing faces of 
an alpha-helix. When AHs partition into lipid membranes, hydrophobic residues can 
interact with phospholipid tails and positively charged residues can engage in 
electrostatics interactions with anionic lipid headgroups (Figure 4.1B). Since 
amphipathic helices are known to aggregate in vitro, a mechanism for BcRGS5 
membrane binding that involves exposure of an amphipathic helix would be consistent 
with the observed in vitro photoresponse (10, 131). Importantly, proteins that target rare 
lipids that are only present on the membrane under narrow spatiotemporal conditions 
are inherently tightly regulated in their membrane localization; in contrast, proteins that 
are attracted to ubiquitous phospholipids commonly require a secondary gating-
mechanism, such as a conformational change or the presence of a secondary 
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messenger, to prevent constitutive membrane-binding and permit temporal and possibly 
spatial control over membrane association (128).  
 
To the best of our knowledge, no photoreceptors are known to traffic by direct 
light-gated association with membrane phospholipids nor have they been previously 
shown to aggregate in vitro upon blue-light activation. Similarly, PAS proteins that 
associate with membranes are integral membrane proteins (126, 162), not soluble ones.  
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Figure 4.1 Models of reversible membrane association 
(A) Reversible membrane association is commonly mediated by one of 4 mechanisms: (i) hetero-
oligomerization with one or more membrane-bound binding partners, (ii) post-translational 
modifications (e.g. phosphorylation, prenylation), (iii) high specificity recognition and binding to a 
particular lipid subtype, as indicated by the blue lipid color, or (iv) electrostatics-mediated binding 
to lipid membranes with anionic content, as indicated by red negatively charged lipids. (B) Alpha 
helicies with segregated hydrophobic and hydrophilic faces are amphipathic and can reversibly 
bind lipid membranes such that hydrophobic residues align with nonpolar lipid tails and charged 
and polar residues align with polar or charged lipid headgroups.  
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Thus, establishing the underlying mechanism driving BcRGS5 photoresponsive 
phenomena would fundamentally advance our understanding of photosensory signaling, 
RGS signaling, and PAS-mediated sensory signaling. 
 
Here, we report that BcRGS5 binds acidic phospholipids with low-specificity via a 
lipid-interaction site in the LOV-PAS as demonstrated by a protein-lipid overlay assay 
and with synthetic cell-like compartments comprised only of purified recombinant 
BcRGS5 and membrane lipids of tunable composition, both of which assays are devoid 
of confounds from other potential interaction partners found in cells. Lipid binding is high-
affinity, with low micromolar Kd estimates, comparable to the affinity of PH domains for 
their phosphoinositide targets. Bioinformatics analysis and functional characterization of 
BcRGS5 mutants suggest that an amphipathic helix in the C terminal LOV-PAS linker 
that is conserved across all fungal RGS-LOV-PAS could mediate reversible acidic lipid-
binding. Collectively, our results establish a novel signal transmission mode for 
photosensory proteins, yield new insights into fungal signaling and may lead to the 
development of optogenetic tools that permit light-activated rapid plasma membrane 
localization. 
 
4.2 Results & Discussion 
 
4.2.1 BcRGS5 binds anionic phospholipids in a headgroup charge dependent manner 
 
To assay BcRGS5 binding affinity for a wide array of lipid types, we performed a 
protein-lipid overlay assay. Briefly, we incubated recombinantly purified 6-histidine 
tagged BcRGS5 at nanomolar concentration with hydrophobic membranes spotted with 
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100 pmol of 15 different membrane lipids either in the dark or under blue-light 
illumination and after washing, detected bound protein with an anti-His6 antibody (247). 
Visual inspection of the developed membrane strips as well as quantification of spot 
intensities with the ImageJ open source scientific image analysis software suggested 
that BcRGS5, purified as an mCherry fusion to maintain consistency with the fusion 
protein form expressed in cells, did not bind any spotted lipid strongly or with high 
specificity. Instead, BcRGS5 showed a preference for weakly binding several net 
negatively charged lipids, including phosphoinositides, cardiolipin and phosphotidic acid 
(Figure 4.2B). In contrast, when we assayed the positive control glutathione S-
transferase (GST) tagged pleckstrin homology domain from the PLC-Delta1 protein 
under identical conditions, it strongly targeted PIP2 with high specificity, as has been 
previously reported (113). When we performed the protein-lipid overlay assay with 
BcRGS5 at higher concentration (1 uM) to better quantify relative binding to different 
lipid types, we observed that lit-state BcRGS5-mCherry binding affinity was strongly 
correlated (r= 0.929) with the net charge of the spotted lipid as determined by Pearson’s 
Correlation coefficient (Figure 4.2C). The fact that BcRGS5 bound most strongly to 
lipids with the most concentrated net negative charge but did not strongly discriminate 
between lipids of roughly equal net negative charge established that BcRGS5 does not 
contain a globular protein domain that targets a single phospholipid with high specificity; 
rather, protein-lipid overlay assay results possibly suggest light-induced conformational 
changes that expose a polybasic or amphipathic protein surface that has the general 
capacity to bind a negatively charged lipid surface, such as the inner leaflet of the 
plasma membrane. 
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Figure 4.2 Lit-state BcRGS5 preferentially binds anionic membrane lipids 
(A) Phospholipids are comprised of nonpolar fatty acid tails and polar headgroups, both of which 
can vary in chemical composition. Depending on polar headgroup chemistry, the net charge of a 
phospholipid can vary, as exemplified by phosphatidylcholine (PC), phosphatidylserine (PS) and 
phosphatidylinositide species, which may be phosphorylated at up to 3 positions (PI) (B) We 
detected protein-lipid interactions by incubating 6-histidine tagged BcRGS5-mCherry in 1x PBS 
with 0.1% Tween and 3% BSA with an Echelon Biosciences Membrane Lipid panel either in the 
dark or under a pulsing 455 nm LED (~15 mW/cm2, 2s on, 28s off). Purified GST-tagged PH 
domain from PLCdelta1 was used at 10 nM as a positive control for specific lipid-binding.  Bound 
protein was visualized by probing with anti-mouse horseradish peroxidase antibody prior to 
developing with the chromogenic TMB precipitating (K-TMBP) reagent. (C) The average 
background intensity around each phospholipid spot was measured and subtracted from the 
phospholipid spot intensity to calculate the signal for each protein-phospholipid interaction using 
the ImageJ open-source software for scientific analysis. At 1 uM, BcRGS5 only bound 
phospholipids that were anionic and did so more strongly under blue illumination. BcRGS5 affinity 
for anionic phospholipids was found to correlate with the phospholipid net charge as reported by 
the spearman’s rank correlation coefficient, rho. 
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4.2.2 Lit-state BcRGS5 binds negatively charged lipid membranes  
 
To test our hypothesis that lit-state BcRGS5 binds anionic phospholipids via 
electrostatics interactions, we sought a model system that would closely resemble the 
plasma membrane but afford tunable control over lipid composition and net charge. 
Therefore, we investigated the BcRGS5 photoresponse in synthetic “protocells.” Briefly, 
we made synthetic cell-like, or “protocell”, compartments by creating single water-oil 
emulsions with an aqueous phase consisting of recombinantly purified BcRGS5-
mCherry fusion protein in PBS and an oil phase consisting of 20 mM phospholipids in 
decane (80). Vigorous suspension of the aqueous phase in the oil phase yielded 10-75 
um droplets with phospholipid monolayers at the oil-water interface that model the inner 
leaflet of the plasma membrane (Figure 4.3A) Defined protocell phospholipid 
compositions permitted the analysis of light-activated BcRGS5-mCherry binding to 
membranes with varying anionic content. Phosphatidylserine (PS) (net charge = -1) is 
the most highly enriched anionic phospholipid in the plasma membrane (128, 213). 
Therefore, to determine the effect of a general preference for net-negative charge on 
BcRGS5 membrane binding, we created synthetic protocells consisting only of the 
zwitterionic phosphatidylcholine (PC) (net charge = 0) lipid and PS. Although the 
phosphatidylserine content of mammalian plasma membranes is reportedly low (5-10%) 
(5, 232), acidic phospholipids are known to be asymmetrically distributed in the plasma 
membrane such that they are highly enriched in the inner leafet that faces the cytoplasm 
(15-30 mol%) (62). Therefore, we systematically varied the PS concentration from 0% up 
to its maximal physiological concentration in the plasma membrane inner leaflet, 30%, 
and imaged the distribution of BcRGS5-mCherry in the cell-like compartments in the 
dark and immediately after a 100 ms high intensity (1.5 W/cm2) blue-light pulse (128, 
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213). BcRGS5-mCherry concentration was 5 uM to mirror the measured BcRGS5-
mCherry concentration in HEK cells (Figure 3.6).   
 
As seen in the representative images of (PS) phosphatidylserine-containing 
protocells, illuminated BcRGS5 dynamically localized to the phospholipid interface, 
emulating the cellular photoresponse. (Figure 4.3B). However, a clear concentration-
dependent response was observed. BcRGS5 did not localize to pure PC membranes 
lacking anionic headgroups; instead, we observed aggregation as in lipid-free in vitro 
DLS experiments performed at the same protein concentration. BcRGS5 also did not 
strongly localize to PC/PS membranes with PS at 5 or 10 mol%, indicating that a 
minimum anionic content threshold is required for robust light-activated membrane 
translocation (Figure 4.3C) (128, 213). As can be readily seen from the representative 
images in Figure 4.3B, dark-state BcRGS5 also localized to the oil-water interface of 
protocells, but only in protocells with high anionic content. Since dark-state BcRGS5 
binding was only roughly half-maximal at PS concentrations of 30 mol%, the upper end 
of physiologically relevant PS concentrations, dark-state BcRGS5 binding to typical 
plasma membranes is not likely to be robust and darkness thus effectively inhibits 
membrane-recruitment in cells as we experimentally observed (Figure 3.5). 
 
Photoreceptor performance for any given lipid composition can be measured by 
computing a light-dark contrast ratio, where higher ratios indicate more switch-like 
behavior (Figure 4.3D). The membrane recruitment contrast ratio for BcRGS5 in 
protocells was highest for phosphatidylserine concentrations of 15-25%. Interestingly, 
the lipid composition of mammalian plasma membrane inner leaflet is well within this 
high contrast ratio 15-25% range (62). Subcellular lipid compositions of filamentous fungi 
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like Botrytis have not been well-studied. However, the agreement between the known 
mammalian inner leaflet lipid composition and the experimentally derived anionic content 
range for high contrast BcRGS5 membrane recruitment is intriguing and could possibly 
indicate that RGS-LOV-PAS are optimally tuned for maximum performance in 
eukaryotes.  
 
Although recruitment to model membranes was selective for anionic headgroups, 
there was no readily observed difference between light-activated translocation to 
membranes composed of PC and PS or similarly charged phosphatidic acid (PA) and 
phosphatidylglycerol (PG) (Figure 4.3E). Furthermore, increasing salinity (NaCl) in the 
protocell aqueous phase in order to nonspecifically shield electrostatic interactions 
inhibited light-inducible phospholipid binding by BcRGS5, indicating that membrane 
association is electrostatically mediated. (Figure 4.3F). It is worth noting that we only 
tested lit-state binding to monovalent acidic lipids. Phosphorylated phosphoinositide 
species (PIPs) comprise less than 1% of the cellular lipid pool in mammalian cells, but 
they are predominantly distributed in the inner leaflet of the plasma membrane, play 
critical roles in mammalian signaling pathways and can have net negative charges that 
range from -1 to -4 depending on their phosphorylation state (213). While PIP levels 
have not been well studied in filamentous fungal plasma membranes, PIPs represent 
interesting targets for anionic lipid-binding proteins like BcRGS5 given their multivalent 
negative charge and future study of BcRGS5-PIP binding is warranted.  
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Figure 4.3 Lit-state BcRGS5 directly binds anionic phospholipids in protocells  
(A) Synthetic protocells are 10-75 um protein-containing aqueous droplets surrounded by a 
decane oil phase with a phospholipid monolayer of defined composition at the oil-water interface 
(B) Phosphatidylcholine (PC) and phosphatidylserine (PS) were mixed at defined ratios to 
generate model membranes of varying anionic content. Dark and lit-state binding to protocell 
membranes was anionic concentration dependent (C) as was quantified by ImageJ fluorescence 
intensity analysis (D) The contrast ratio for BcRGS5 membrane binding is maximal for PS 
concentrations of 15-25% (E) BcRGS5 is not specific for PS and bound equivalently in the light to 
PC/PA (phosphatidic acid) as well as PC/PG (phosphatidylglycerol) droplets at an anionic lipid 
content of 20 mol%. Column plot shows the mean (n=18) and standard deviation. (F) Increasing 
salinity (NaCl) in protocell droplets inhibits light-inducible phospholipid binding by BcRGS5, 
indicating that membrane association is electrostatically mediated (G) In large protocells, the 
sampling volume of BcRGS5 is smaller than the protocell radius, such that lit-state BcRGS5 in 
the protocell interior aggregates before encountering acidic phospholipid binding partners by 
diffusion, an artifact of the geometry that does not occur in much smaller HEK or Botrytis cells. 
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Although light-induced BcRGS5 aggregation was primarily observed in PC/PS 
protocells with low anionic content, aggregation was also apparent in highly negatively 
charged PC/PS protocells that were sufficiently large (i.e. diameter ≥ 40 um). Dark-state 
BcRGS5 at the boundary of large protocells localized to the phospholipid monolayer 
upon blue-light exposure, but dark-state protein initially at a distance roughly 15-20 um 
from the oil-water interface in the droplet interior aggregated. The observed aggregation 
in large droplets is a consequence of diffusion-limited membrane association. In large 
protocells, the sampling volume of BcRGS5 is smaller than the protocell radius, such 
that lit-state BcRGS5 oligomerizes into large aggregates before encountering acidic 
phospholipid binding partners. However, this geometric situation is not representative of 
HEK cells, diameter ~10 uM, (105) or Botrytis cells, diameter 5-20 uM (21), where the 
sampling radius of BcRGS5 is large relative to the cell size such that aggregation is 
minimal.  
 
4.2.3 Estimating BcRGS5-lipid binding affinity  
 
Dissociation equilibrium constants for bimolecular reactions can be measured 
either kinetically – by comparing the ratio of experimentally determined reaction 
association and dissociation rates – or thermodynamically – by measuring the 
concentrations of individual components (free A and free B) and bound complexes (AB) 
at equilibrium as described by Equation 4.1.  
 
                                                      KD =
koff
kon
= [A][B][AB]  
 
Equation 4.1 
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For certain model systems, measuring the concentration of an individual 
component (e.g., A) can be experimentally challenging, in which case a dissociation 
equilibrium constant can be alternatively computed according in terms of the fraction of 
that component that is in a bound complex ([AB]/[A]total) (Equation 4.2). Given that the 
free phospholipid concentration in protocells (A) is challenging to measure, but the 
concentration of lit-BcRGS5 (B) can be experimentally controlled during protocell 
generation, we reasoned that our protocell binding data could be modeled according to 
this alternative thermodynamic approach.  
 
                                                   
[AB]
[A]total
=
[B] free
KD + [B] free
          
 
Equation 4.2 
  
Non lipid-bound BcRSG5-mCherry may be distinguished from lipid-bound 
BcRGS5-mCherry by virtue of its localization. Thus, we reasoned that we could use 
mCherry fluorescence intensity in protocell cytoplasm as a proxy for free BcRGS5-
mCherry protein and fluorescence intensity in the protocell membrane as a proxy for the 
bound protein-lipid complex. We empirically determined that at high concentration (10 
uM), lit-state BcRGS5-mCherry saturated the lipid-binding response, and thus the 
membrane fluorescence under these conditions could serve as a proxy for total lipids. 
For a range of BcRGS5-mCherry concentrations, we measured the mCherry signal from 
the cytoplasm (Bfree), the mCherry signal from the membrane (AB), and scaled the 
membrane fluorescence (AB) by the membrane fluorescence for lit-BcRGS5 at high 
concentration (Atotal) to generate a fractional membrane binding response (Equation 
4.3). 
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[BcRGS5]membrane
[BcRGS5]membrane,saturation
=
[BcRGS5]cytosol
KD + [BcRGS5]cytosol  
 
Equation 4.3 
 
By plotting the equilibrium concentration of the membrane-bound BcRGS5 
complex in PC/PS protocells with PS at 20 mol% against a range of lit-state BcRGS5 
concentrations and fitting the data to a nonlinear regression model for equilibrium 
binding using the Prism GraphPad software, we solved for a Kd value of 0.98 (Figure 
4.4). This analysis was similar to the quantitative analysis of protein kinase C-α (PKC-α) 
binding to liposome surfaces performed by Cho and colleagues (152). The dissociation 
constant measured for BcRGS5 binding to a model membrane was of similar high 
affinity as those reported for various pleckstrin-homology domains to PIPs (113, 123, 
127), and, thus, was consistent with our finding that membrane association in cells is 
diffusion-limited and high affinity.  
 
However, there are several key drawbacks inherent to our experimental 
methodology as described. Notably, accurate Kd measurements are made by measuring 
equilibrium binding conditions at concentrations that range from 10 fold lower than the 
Kd to concentrations 10 fold higher than the Kd. However, at BcRGS5-mCherry 
concentrations below 750 nM, it was challenging to distinguish mCherry fluorescence in 
the water phase from background fluorescence in the oil phase by standard widefield 
fluorescence microscopy. Therefore, discriminating free BcRGS5-mCherry from lipid-
bound BcRGS5-mCherry, even at concentrations near the calculated Kd value, was 
challenging.  
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Beyond this experimental hurdle, the bimolecular equilibrium binding model that 
is the basis for the thermodynamic analysis applied here makes the critical and 
problematic assumption that a single lit-state BcRGS5 protein binds a single 
phospholipid. We have already established in collaboration with Gardner and colleagues 
that BcRGS5 is oligomeric in the dark (Figure 3.4). Given that only one dark-state 
dimeric LOV photoreceptor is known to dissociate into lit-state monomers, BcRGS5 is 
likely oligomeric in the lit-state as well, but it is unknown whether BcRGS5 binds lipids as 
a dimer or as a higher order oligomer (43). Knowledge of the lit-state BcRGS5 
oligomeric state would significantly affect the equilibrium-based Kd analysis. 
Furthermore, the BcRGS5 lipid-interaction site is likely comprised of more than one 
phospholipid given a similar lipid-binding response by PKC-α (152). Collectively, these 
lines of reasoning suggest that a far more advanced experimental approach and 
understanding of BcRGS5-lipid binding is required to accurately use thermodynamic 
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Figure 4.4 Lit-state BcRGS5 lipid binding is a high-affinity interaction 
BcRGS5 binding to PC/PS (PS = 20 mol%) membranes is high affinity, as determined by 
measuring the equilibrium concentration of the membrane-bound BcRGS5 complex for a range of 
lit-state BcRGS5 concentrations. Plot shows the mean (n=3) and standard error. 
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models of protein-lipid complex formation to measure equilibrium dissociation constants.  
 
As future work, we intend to pursue alternative approaches to compute a Kd for 
BcRGS5-lipid binding, especially by making kinetic-based measurements. Surface 
plasmon resonance (SPR) is a technology that allows for the precise and sensitive 
measurement of binding events for non-tagged molecules flowing over chip surfaces, 
including sensor chips with deposited lipid bilayers. Therefore, we could use SPR to 
directly measure kinetic association (Kon) and dissociation (Koff) rates for lit-state 
BcRGS5 to lipid bilayers of varying composition to calculate Kd values directly from its 
kinetic components (247). Importantly, these kinetic calculations do not depend on the 
number of phospholipids bound, the oligomeric state of lit-state BcRGS5 or suffer from 
fluorescence-based detection limits at low protein concentrations. 
 
4.2.4 Lipid-interacting residues are in the LOV-PAS 
 
To provide structural insight into the new photosensory signaling mechanism 
reported for fungal RGS-LOV-PAS proteins, we performed a truncation analysis to 
identify which regions of BcRGS5 were required for lipid-binding. After secondary and 
tertiary structure modeling, truncation sites were selected to be at junctions between 
bioinformatics identified protein domains in an effort to maximize the probability of 
producing properly folded globular protein. We truncated BcRGS5 from both the N and C 
termini, yielding constructs that were either missing the intrinsically disordered N 
terminus (∆Nt), missing both the disordered N terminus and the RGS domain 
(∆Nt∆RGS), or missing just the C terminal domain extension that contains the putative 
PAS-homology fold (∆PAS) (Figure 4.5A). Solubility screening the N and C terminal 
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BcRGS5 truncation mutants for production in E Coli revealed that none of the 3 
attempted ∆PAS truncations (∆383-594, ∆417-594, or ∆452-594) yielded soluble, flavin-
bound recombinant protein, even after the addition of N terminal solubility tags (maltose 
binding protein (MBP), glutathione S-transferase (GST) or NusA). Among all 6,700 
reported LOV photoreceptors to date, PAS domains are the most common nearest 
neighboring effector to the LOV sensor and are known to mediate LOV-PAS and PAS-
PAS dimerization (30). Thus, the C terminal PAS-like domain may be critical for folding 
of the BcRGS5-dimer in the dark. 
 
In contrast to the solubility screened C terminal truncations, 2 of 3 ∆Nt (∆1-58 
and ∆1-98, but not ∆1-117) and 2 of 2 ∆Nt∆RGS (∆1-231 and ∆1-242) truncations were 
readily produced. We purified the more severe of the two soluble BcRGS5∆Nt 
truncations, which is missing the first 98 amino acids of the full coding sequence, as an 
mCherry fusion and found that the purified protein binds flavin, photocycles, and 
critically, binds the phospholipid monolayer upon blue-light-exposure in PC/PS 
protocells. Thus, the BcRGS5∆Nt resembles the full-length photoreceptor (Figure 4.5B).  
 
Like BcRGS5∆Nt, lit-state BcRGS5∆Nt∆RGS also bound protocell “membrane,” 
suggesting that the lipid-interaction site is within the LOV-PAS domain region and not in 
the RGS effector. However, BcRGS5∆Nt∆RGS localized to the protocell boundary 
equivalently in the dark and the light and was found to be aggregated in both dark and lit 
states into ~60 nm particles (sized by DLS) (Figure 4.5C). Interestingly, dark-state 
aggregation by BcRGS5∆Nt∆RGS during the purification process did not prevent 
phospholipid binding upon reconstitution of the aggregated protein in solution in  
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Figure 4.5 Lipid-interacting residues are at the C terminus 
(A) Solubility screening N and C terminal BcRGS5 truncation mutants for production with 
mCherry fusion tags in E Coli revealed soluble, flavin-bound ∆Nt and ∆Nt∆RGS, but not ∆PAS 
truncations. Amino acid residue numbers are listed for solubly produced BcRGS5 variants. (B) 
Purified BcRGS5∆Nt and BcRGS5∆Nt∆RGS at 10 uM in 1x PBS were tested for light-activated 
phospholipid monolayer binding in PC/PS protocells with PS at 30 mol%. BcRGS5∆Nt 
translocated to the oil-water interface after exposure to a 100 ms pulse of 440 nm light, but 
BcRGS5∆Nt∆RGS had a permanently lit membrane-binding phenotype. (C) Particle size 
measurements by DLS before and after 5s of blue-light illumination at 15 mW/cm2 confirmed that 
BcRGS5∆Nt∆RGS also had a permanently lit aggregation phenotype, suggesting that the 
interface(s) required for lipid-interaction and aggregation are both C-terminal to the LOV sensor 
and that the RGS domain is required for a high dark/light membrane-recruitment contrast ratio. 
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protocells as can be seen in Figure 4.5B. This suggests that aggregation is either 
spontaneously reversible in the presence of anionic phospholipids or that BcRGS5 can 
bind lipid membranes in aggregated form. Furthermore, given the dark-state behavior of 
BcRGS5∆Nt∆RGS, removal of the RGS domain evidently exposed a polybasic or 
amphipathic lipid-binding surface even in the absence of a blue-light stimulus; a complex 
choreography between three domains – RGS, LOV and PAS – is required for occlusion 
of the lipid-interaction site in the dark to maintain a high dark/light contrast ratio for 
membrane-binding. A concomitant change in dark-state aggregation status and dark-
state protocell membrane-binding status for the BcRGS5∆Nt∆RGS truncation mutant as 
well as consistency between salt inhibition of both electrostatically mediated aggregation 
and electrostatically mediated protocell membrane recruitment for full length BcRGS5 
also implies that the exposed lipid-interacting interface is likely the same as the exposed 
aggregation-prone interface. 
 
4.2.5 Two conserved amphipathic helices are in the LOV-PAS 
 
After observing that the BcRGS5∆Nt∆RGS truncation mutant was sufficient for 
anionic lipid-binding, we identified likely LOV-PAS lipid-interaction sites at the amino acid 
sequence level via bioinformatics. Given that no low-specificity conserved lipid-binding 
modules (e.g. BAR, C2) were identified by conserved domain analysis in the C terminus, 
we searched the LOV-PAS for amphipathic helices (AH), common lipid binding motifs 
most generally defined by the segregation of hydrophobic and polar or charged residues 
on two opposing faces of an alpha-helix. AH membrane-binding involves long-range 
electrostatic attractions to negatively charged membranes, mediated by polar residues, 
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followed by insertion of hydrophobic side-chains in between nonpolar lipid-tails and 
adoption of an alpha-helical structure (58). Since amphipathic helices are known to 
aggregate in vitro, a mechanism for BcRGS5 membrane binding that involves exposure 
of an amphipathic helix would be consistent with the observed in vitro photoresponsie 
(10, 131). 
 
AH prediction relies on four parameters: (i) the degree to which hydrophobic and 
hydrophilic residues are segregated in alpha helical structure, termed the hydrophobic 
moment, (ii) the overall hydrophobicity of the sequence, the overall net charge of the 
sequence, and (iv) the propensity for the sequence to form an alpha helix (58). We used 
the HeliQuest web server to determine these parameters and predict amphipathic 
helices in 18 amino acid sliding window segments (74). Two putative lipid-binding 
amphipathic helices were identified, one (AH1) in the linker C terminal to the Jα helix 
between the LOV sensor and PAS-homology domain, and the other (AH2) within the 
PAS like domain (Figure 4.6A).  
 
To determine if polybasic regions outside of these amphipathic helices could 
explain membrane-binding phenomena, we calculated protein net charge in a sliding 
window of 14 amino acids along the LOV-PAS sequence where lysine and arginine 
amino acids were assigned a charge of net +1, glutamic and aspartic acid amino acids 
were assigned a net charge of -1 and all other amino acids were assigned a net charge 
of 0. Aromatic residues are also known to be critical for stabilizing lipid interactions at the 
hydrophobic-hydrophilic transition zone, so we similarly calculated aromatic content (F, 
Y, W) in a 14 amino acid sliding window (101). Interestingly, the only contiguous LOV-
PAS sequence that was rich in both aromatic residues and positive charge was the  
115	
	
 
 
 
MEME (no SSC) 01.06.2017 19:08
0
1
2
3
4
bi
ts
1
A
V
G
P
R
S
K
2
N
R
T
E
S
D
A
3L
R
M
V
I
Y
F
4R
K
5
D
R
G
K
Q
L
A
N
T
S
6
K
S
A
Q
V
R
T
7R
A
L
I
V
8Q
S
Y
T
L
K
R
9
Q
G
N
S
T
E
A
D
10
F
G
R
S
L
A
11
A
T
F
M
I
L
V
12
M
A
I
K
V
R
13
T
D
H
Q
G
L
E
S
A
R
14
C
N
P
R
Q
D
G
Secondary Structure
LOV CPAS-like DUFJα linkerN
257 382 454 593
Amphipathic helices
Conserved Domains
MEME (no SSC) 21.05.2017 14:24
0
1
2
3
4
bi
ts
1P
Y
G
A
KT
S
2
I
V
L
T
P
G
AR
K
3
H
T
MA
KR
4
E
A
G
T
R
KS
5
V
T
K
R
A
G
S
6HM
P
Q
I
S
LF
7GV
Y
K
R
LF
8D
E
R
A
N
S
Q
K
9
T
D
P
SA
10
A
Q
R
S
W
T
G
LF
11
N
Q
S
GR
K
12
D
N
P
R
G
T
SV
K
13
A
D
N
V
H
Y
P
R
K
14
A
K
S
V
N
T
P
Conservation
across all fungal
RGS-LOVs
Analagous helix 
from BcRGS5
Basic Nonpolar/aromaticPolar
A
B
AH1 AH2
YGKTSFFKSFKKYK
-4 
-2 
0 
+2 
+4
Net Charge
0 
5
Aromatic residues
RTFKNVVREGIKAG
AH1 AH2
Acidic
e-value: 3.1E-199e-value: 1.9E-143
 
Figure 4.6 The BcRGS5 LOV-PAS contains two conserved amphipathic helices that 
could mediate light-activated lipid-binding 
(A) Two putative lipid-binding amphipatic helices, AH1 and AH2 were predicted for the BcRGS5 
LOV-PAS by the HeliQuest webserver by evaluating the hydrophobic moment, hydrophobicity, 
sequence net charge and alpha helix forming propensity along 18 amino acid sliding window 
segments. Both AH1 and AH2 are enriched in positively charged residues, and AH1 and is also 
enriched in aromatic residues as shown. (B) The high information content associated with 
sequence logos for AH1 and AH2 across all 66 fungal RGS-LOV-PAS suggests that the two 
motifs are highly conserved. Low e-values, as calculated by the MEME suite, suggest there is an 
extremely low probability for observing motifs conserved to this degree by random chance. When 
AH1 and AH2 sequences from BcRGS5 are projected onto alpha helices, they reveal the classic 
segmentation of positively charged and nonpolar/aromatic residues that defines amphipathic 
helices. The AH1 sequence contains known lipid-binding motifs as indicated by the underline. 
 
 
 
116	
	
same site as the predicted amphipathic helix AH1. Assaying the LOV-PAS sequence for 
transmembrane segments by the TMHMM Server v 2.0 confirmed that BcRGS5 lacks 
likely transmembrane helices as would be expected for a PAS that reversibly interacts 
with the plasma membrane by an electrostatics gated mechanism (122). Given the 
generality of the photosensory signaling mechanism for fungal RGS-LOV-PAS proteins 
implied by our identification of CeRGS as a second light-activated membrane-binding 
protein, we looked to see if either of the AH1 or AH2 sequences were conserved across 
the photoreceptor class. The high information content associated with sequence logos 
for AH1 and AH2 across all 66 fungal LOV photoreceptors with RGS effectors suggests 
that the two motifs are highly conserved, especially the FFKXF[KR] motif in AH1 and the 
[FY]KXXV[RK] motif in AH2 (Figure 4.6B). Low e-values, as calculated by the MEME 
suite, suggest there is an extremely low probability for observing motifs conserved to this 
degree by random chance (13).  
 
Although both AH1 and AH2 are potential lipid-interaction sites by virtue of their 
status as conserved, positively charged amphipathic helices, we hypothesized that 
membrane-recruitment was mediated by AH1. Notably, membrane-bound PAS proteins, 
like PhoQ and FixL, are transmembrane proteins that bind the membrane via defined 
transmembrane segments outside of the PAS sensor domain (126, 162), suggesting that 
AH2-mediation of membrane-recruitment from within the PAS fold would be a departure 
from known PAS structure/function. Furthermore, additional examination of the AH1 
sequence in BcRGS5 revealed that it contains the known cardiolipin binding motif, KKY 
(101), as well as the FKK motif, suggested to mediate anionic phospholipid binding for 
both BAD (89), a member of the Bcl-2 protein family, and the kinase suppressor of Ras 
protein (KSR) (8).  
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4.2.6 Mutagenesis of AH1 impairs BcRGS5 membrane association 
	
 To directly test our hypothesis that AH1 is a lipid-interaction site in the BcRGS5 
LOV-PAS, we purified mutants designed specifically to disrupt the potential association 
of AH1 with a lipid bilayer. Given the importance of electrostatic interactions between 
positively charged AH residues and anionic lipid headgroups, we designed one class of 
lysine/alanine AH1 mutants where 2 or more positively charged lysine residues at a time 
were each replaced with the small, nonpolar alanines (Figure 4.7A). Interestingly, none 
of these lysine/alanine AH1 mutants (residues 411, 414, 415, 417) expressed and folded 
in an E Coli expression system. Swapping alanine for lysine not only eliminated positive 
charge in AH1, but also disrupted the regular patterning of hydrophobic and hydrophilic 
residues along AH1 and thus, disrupted the amphipathic nature of the helix. Therefore, 
lysine/alanine mutants may lack some critical AH1 amphipathic biochemistry that is 
required for dark-state BcRGS5 folding. 
 
In addition to electrostatic interactions, amphipathic helix binding to lipid 
membranes is also known to be stabilized by hydrophobic interactions between nonpolar 
residues, especially aromatic residues, and lipid fatty acid tails. Thus, we tested a 
second category of AH1 aromatic/alanine mutants designed to disturb these nonpolar 
interactions by swapping out multiple aromatic residues for alanine residues, as shown 
in Figure 4.7A. Unlike the lysine/alanine mutants, the aromatic/alanine mutants (residues 
409, 410, 413, 416) preserve the patterning of nonpolar and polar residues along AH1, 
and thus maintain the amphipathic nature of AH1 while only selectively impairing its 
energetic favorability for inserting into a lipid membrane.  We purified soluble AH1 
mutant proteins by affinity chromatography on 5 mL Ni-NTA columns by fast protein 
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liquid chromatography (FPLC) with in-line monitoring at 280 nm to detect all protein and 
at 447 nm to detect elution fractions with likely flavin-bound protein. The most severe 
BcRGS5 aromatic/alanine mutant, where all aromatic residues in AH1 were swapped for 
alanines, expressed strongly, was purified to near homogeneity and will henceforth be 
referred to as “AH1 mutant.” Visible absorption spectra revealed that the dark-state AH1 
mutant is blue-light absorbing, with a flavin triplet peak consistent with absorption 
spectra for other dark-state LOV sensor domains as well as an mCherry peak indicating 
our successful purification of full-length fusion protein (Figure 4.7B). To investigate the 
AH1 mutant photocycle, we buffer exchanged dark-adapted AH1 mutant protein into 
high salinity (PBS, 1M NaCl) imidazole-free buffer and monitored absorbance at 450 nm 
before, immediately after and long after a 5s exposure to 15 mW/cm2 blue-light from a 
455 nm high-powered LED (Mightex). By fitting the A450 readings to a first-order 
exponential function, we determined that the rate of dark-state recovery, tauoff, for the 
AH1 mutant at 25ºC, was 27.4 ± 2.1s (Figure 4.7B, inset). Importantly, the AH1 mutant 
still exhibits a light-inducible photocycle, with a photocycle lifetime similar to that 
measured for wildtype protein, indicating that mutagenesis did not appreciably disturb 
LOV sensor chemistry. Furthermore, we found that dark-state AH1 mean particle size 
was 14.6 ± 4.7 nm, similar to the dark-state mean particle size for wildtype BcRGS5, 
10.7 ± 1.4 nm (p-value = 0.24). Since we aimed to disrupt only the lipid binding 
properties of AH1 by mutagenesis, this finding importantly indicated that replacing 
aromatic residues in AH1 with alanines did not appreciably affect the BcRGS5-dark state 
oligomerization interface and thus preserved wildtype-dark state structure to the extent 
that is required for dimerization.  
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Figure 4.7 AH1 could be important for direct, light-gated lipid binding by BcRGS5 
(A) The putative lipid-binding amphipatic helix, AH1, was mutated such that either two or more 
lysines (lysine/alanine mutant) or two or more aromatic residues (aromatic/alanine mutant) were 
replaced with alanine residues. The most severe lysine and aromatic mutants are shown, where 
the maximal number of lysine or aromatic residues were exchanged for small nonpolar alanines 
(B) Visible absorption spectra revealed that the dark-state AH1 mutant (all aromatics exchanged 
for alanines) purified as an mCherry fusion is blue-light absorbing, with a flavin triplet peak (as 
indicated on the graph) consistent with absorption spectra for other dark-state LOV sensor 
domains as well as an mCherry peak (as labeled on the graph) indicating our successful 
purification of full-length fusion protein. (inset) The AH1 mutant has a light-inducible photocycle in 
high salinity buffer (PBS, 1M NaCl) with a photocycle lifetime similar to wildtype BcRGS5 after 
blue-light exposure (5s, 15 mW/cm2, 455 nm Mightex LED). (C) In the lit-state, the AH1 mutant 
shows impaired aggregation in low anionic content protocells (PS = 10%) and impaired 
membrane localization in high anionic content protocells (PS = 20%) (D). Quantifying the AH1-
mutant binding curve for a range of phosphatidylserine concentrations reveals that mutagenesis 
of AH1 aromatic residues diminishes both lit-state and dark-state binding to acidic phospholipids, 
indicating that AH1 is a likely lipid interaction site in BcRGS5. 
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To measure the effect of AH1 mutagenesis on the lipid-binding function of 
BCRGS5, we investigated membrane recruitment in protocells. As seen in the 
representative images of PC/PS protocells, illuminated wildtype BcRGS5 dynamically 
localized to the phospholipid interface of high anionic content protocells (e.g. 20% PS) 
and aggregated in protocells that were not sufficiently negatively charged (e.g. 10% PS). 
(Figure 4.3B). In contrast, membrane localization by the AH1 mutant was impaired in 
high anionic content protocells and light-induced aggregation was not visibly observed in 
low anionic content protocells. We quantified protocell membrane binding for the AH1 
mutant as a function of PS concentration and found that the AH1 mutant required higher 
anionic content lipid compositions to elicit the same photoresponse as wildtype BcRGS5 
in the light. Impaired lit-state membrane association for the AH1 mutant could be 
interpreted as evidence for AH1 as the BcRGS5 lipid-interaction site or could suggest 
that AH1 mutagenesis disrupted light-inducible sensor-effector signal transmission. 
Importantly, we found that the AH1 mutant also exhibited impaired dark-state binding to 
PC/PS protocell membrane, suggesting that aromatic residues in AH1 do likely play a 
direct role in lipid-binding. Given that mutagenesis not only diminished lipid binding but 
also aggregation in low anionic content protocells, AH1 is a putative site for both 
interaction with acidic phospholipids and for promoting the formation of large colloidal 
aggregates in the absence of a lipid membrane. 
 
4.2.7 A model of light-activated BcRGS5 recruitment 
 
Although we have established that blue-light induces electrostatics mediated 
binding by BcRGS5 to membranes comprised of acidic phospholipids, it remains unclear 
whether localization of the LOV sensor to the cytosol or plasma membrane definitively 
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regulates, either directly or indirectly, the RGS effector. However, there is substantial 
precedent for localization of RGS proteins to particular subcellular structures as a mode 
of RGS regulation, and membrane-localization is known to potentiate RGS activity on 
membrane-bound G-protein targets (27, 59, 60, 180, 206, 212, 226, 229, 235, 253). 
Internalization of RGS proteins in the endocytotic pathway, cytoplasm, or even the 
nucleus effectively reduces GAP activity at the plasma membrane, thereby permitting an 
sustained G-protein signaling but ensuring a transient response upon RGS translocation 
to the cell surface (98, 204). The isolated RGS domain from MoRGS5, a related “group 
2” fungal RGS-LOV-PAS from Magnaporthe oryzae, reported in Chapter 3 to bind flavin 
and photocycle in blue-light, has been shown to bind the M.Oryzae G-proteins MagB  
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Figure 4.8 Model of light-activated membrane-recruitment 
In its dark adapted state, BcRGS5 forms a stable dimer, where the RGS domain mediates 
occlusion of lipid-binding and aggregation-prone interfaces, and is localized to the cytoplasm 
where it cannot engage active G-proteins and other signaling pathway components. Blue-light 
activation of the LOV sensor triggers the exposure of a positively charged lipid-binding interface, 
possibly an amphipathic helix in the LOV-PAS helical linker, which mediates electrostatic-binding 
to anionic phospholipids in the plasma membrane. Once membrane localized, the RGS effector 
engages its G-protein targets and negatively regulates G-protein signaling pathways. 
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and MagC, a finding that we reproduced in yeast two-hybrid assays (data not shown). 
Furthermore, its deletion in Magnaporthe oryzae genetic knockouts increased basal 
intracellular cAMP levels roughly 2-fold (251) Therefore, it stands to reason that the RGS 
effector in BcRGS5 similarly engages its native G-proteins and that light-gated 
translocation regulates RGS-LOV-PAS interactions with Gα proteins to dynamically 
coordinate fungal signaling with environmental light-sensing (Figure 4.8). 
 
4.3 Conclusions and Future Directions 
 
Largely through the generation of synthetic protocells with tunable lipid 
compositions that model the inner leaflet of eukaryotic plasma membranes, we have 
established that BcRGS5 directly binds negatively charged lipid membranes in a light-
gated manner. Acidic lipid-binding is low specificity and is electrostatically mediated, 
possibly by a highly conserved amphipathic helix (AH1) in the linker between the LOV 
sensor and C-terminal PAS homology domain. Interestingly, mutagenesis of aromatic 
residues in AH1 did not affect the blue-light induced photocycle or dark-state 
dimerization, but did impair both dark-state and lit-state binding to PS-containing 
protocell membranes.  
 
In Chapter 5, we will discuss future research directions that would enhance our 
current model and understanding of BcRGS5 function. In particular, genetic knockouts 
and overexpression studies with BcRGS5 in Botrytis cinerea would effectively test our 
hypothesis that BcRGS5 can engage its native G-proteins to coordinate fungal signaling 
with environmental light-sensing. Furthermore, high-resolution structures of dark-state 
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BcRGS5 would advance our understanding of the complex structural choreography 
between RGS, LOV and PAS required for high contrast light-activated membrane 
recruitment responses and could help identify critical protein surfaces for dimerization 
and lipid binding. Demonstration of direct light-gated control over lipid-binding in this 
chapter has fundamentally expanded the known functions of LOV photoreceptors and 
validated that genomic surveys of broad ranges of organisms and ecological niches are 
valuable for establishing sensory protein diversity. 
 
4.4 Materials and Methods 
 
4.4.1 Generation of genetic constructs 
 
 Truncation mutants of the full-length BcRGS5 open reading frame (GenBank ID 
CCD53251.1) were generated by PCR and subcloned into the BamUK bacterial 
expression vector, a kind gift from Dr. Ranganath Parthasarathy, as mCherry fusion 
proteins. BamUK is a pET21/28 derived bacterial expression vector with the high copy 
pUC origin of replication, kanamycin resistance, a T7/lacO promoter and a multiple 
cloning site designed to allow for an in-frame N terminal 6 histidine tag fusion. Fusion 
protein constructs feature a short, flexible GGGSGGGS linker between the C terminus of 
the protein of interest and the N terminus of mCherry. All constructs were transformed 
into Turbo competent E Coli (NEB C2984H) during cloning and verified by Sanger 
sequencing. 
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4.4.2 Protein-Lipid Overlay Assay 
 
Protein-lipid overlay assays were performed according to the manufacturer’s 
instructions. Briefly, Echelon Biosciences Membrane Lipid panels (Echelon Biosciences 
Inc) were blocked with PBS-T (0.1% Tween-20) with 3% BSA  (Thermo Fisher Blocker 
BSA 37525) and then incubated with 10 nM or 1 uM purified mCherry-tagged RGS-LOV-
PAS protein in PBS for 1 hour. Membranes were then washed 3 times with PBS-T-3% 
BSA prior to probing with monoclonal mouse anti-mCherry antibody in PBS-T-3% BSA. 
Bound protein was visualized by probing with anti-mouse horse radish peroxidase 
antibody diluted 1:2000 in PBS-T-3% BSA for an hour prior to developing with 2 mL of 
TMB precipitating (Echelon Biosciences K-TMBP) per membrane for 10 minutes and 
stopping the reaction in water. The average background intensity around each 
phospholipid spot was measured and subtracted from the phospholipid spot intensity to 
calculate the signal for each protein-phospholipid interaction using the ImageJ open-
source software for scientific analysis. 
 
4.4.3 Synthesis of cell-like compartments with defined lipid composition 
 
 Phosphatidylcholine (Avanti Polar Lipids 840051C), phosphatidylserine (Sigma 
Aldrich P7769), phosphatidyl glycerol (Sigma Aldrich, P8318), and phosphatidic acid 
(P9511) lipids were resuspended in chloroform in a glass test tube or round-bottom 
flask. Chloroform was evaporated under a stream of nitrogen and the remaining lipid film 
was dissolved into decane at 2.5-25 mg/mL according to the solubility of each individual 
phospholipid. To facilitate suspension in decane (Sigma Aldrich D901) and to remove 
excess chlorofrom, solutions were heated at 50ºC for 3 hours and sonicated in a water 
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bath for 30 minutes. Lipids in decane were stored in glass vials with teflon caps (Thomas 
Scientific 1234R80) at -20ºC. We mixed lipids of various structure and net charge at their 
desired ratios in decane to a final total lipid molarity of 20 mM. 30 uL of 20 mM lipids was 
mixed vigorously with 1.28 uL of purified mCherry-tagged protein at a defined 
concentration in PBS by pipetting up and down until a cloudy suspension formed. 30 uL 
of the water-oil emulsion was transferred to glass microwells and imaged on an 
automated Leica DMI6000B fluorescence microscope at 20x with optogenetic 
stimulation. 
 
4.4.4 Fluorescence Microscopy and Optogenetic Purturbation 
 
 We imaged all protocells on a Leica DMI6000B fluorescence microscope with a 
sCMOS camera (pco.edge), an LED illuminator (Lumencor Spectra-X), and 20X 
objective. Automated optogenetic stimulation and image acquisition was performed 
under Metamorph software control. To image mCherry-fused proteins, we used a 
custom filter set from Chroma with a T585lpxr dischroic and ET630/75m emission filter. 
The filter set had no excitation filter to permit simultaneous mCherry imaging (excitation 
with the yellow 575/25 nm Lumencor LED) and optogenetic stimulation (excitation with 
the blue 440/20 nm Lumencor LED). Exposure times ranged from 0.1-2 seconds. 
 
4.4.5 Equilibrium dissociation constant analysis  
 
 A dissociation equilibrium constant was measured by quantifying mCherry 
fluorescence at the protocell oil-water interface, a proxy for the phospholipid-bound 
BcRGS5-mCherry complex, after a blue-light pulse for lit-state BcRGS5 concentrations 
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ranging from 300 nM to 10 uM in PC/PS protocells (PS = 20 mol%). ImageJ scientific 
image analysis software was used to segment either just the outer ring of the protocell 
(“membrane”) or the interior (“cytoplasm”). The protocell “membrane” fluorescence 
intensity was normalized by total droplet fluorescence to account for variation in total 
mCherry-tagged protein in the system for different BcRGS5-mCherry concentrations. 
Fractional protocell membrane occupancy, calculated by dividing the normalized 
membrane fluorescence intensity by the saturation value, was plotted as a function of 
free BcRGS5-mCherry in the protocell “cytoplasm” and the data were fit to a nonlinear 
regression model for equilibrium binding using the Prism GraphPad software to find Kd.  
 
4.4.6 Sigmoidal dark and lit-state phospholipid binding curves 
	
Protocells with varying lipid composition were generated and imaged in the dark 
and after blue-light induced changes in protein localization came to equilibrium (within 
seconds). ImageJ scientific image analysis software was used to segment either just the 
outer ring of the protocell (“membrane”) or the interior (“cytoplasm”) and to calculate 
integrated fluorescence intensity and area over these regions. The ratio of membrane 
fluorescence intensity per unit area to cytoplasm membrane fluorescence intensity per 
unit area was considered a measure of membrane-binding either for dark-state or lit-
state BcRGS5. The calculated membrane-binding intensity for dark-state BcRSG5 in 
pure PC protocells was subtracted from all other measured intensities to account for 
localization to the edge of protocells by diffusion and not due to specific phospholipid 
interactions. 
127	
	
CHAPTER 5: Conclusions and Future Directions 
 
5.1 Conclusions 
 
5.1.1 Resource for LOV Photoreceptor Comparative Genomics 
 
 Beyond the insights reported here, we have created a valuable resource that 
contains an enormous wealth of >6700 LOV gene sequences that nearly triples the 
number of sequences known to date and catalogs the functional and architectural 
diversity of LOV photoreceptors. The entire dataset is provided in text-searchable format 
(Dataset S4), which contains the (i) sequence of each putative LOV protein identified, (ii) 
flavin-binding motif, (iii) primary effector and ontological function, (iv) sequence and 
position of all conserved domains, (v) multi-domain cluster architectures, (vi) linker 
length, (vii) taxonomy of organism of origin, and (viii) presence of likely integral 
membrane proteins (TMHMM Server v. 2.0) (122). Combinations of these entry fields 
may be queried in an automated manner in Python (Supplementary Text A1.2 provides 
instructions and Dataset S5 provides a sample script for automated data extraction). To 
evaluate the degree to which natural variation could affect the counting of candidates 
(i.e., redundancies from in-frame point mutations, splice variations, deletions, and 
additions of the same gene), all reported LOV sequences identified for a given organism 
were clustered with the “CD-HIT” tool (99). Sequences derived from OneKP or InterPro 
were equally likely to be labeled redundant, and no physiologically relevant changes 
were introduced by collapsing the redundant set to the longest consensus sequence 
(Figure A3.4 and Dataset S4, with “redundant sequences” in an additional column). 
128	
	
These resources may beget numerous new insights by facilitating rapid comparative 
analyses of highly specific features (e.g., all HisKAs with a given linker length range, all 
LOV domains from a specific phylum, etc.), thereby offering great proliferative benefit to 
the overall understanding of LOV photobiology of photosynthetic and nonphotosynthetic 
organisms. 
 
5.1.2 Lipid-binding as a new function for cytosolic photoreceptors 
 
To the best of our knowledge, photoreceptors are not known to traffic by direct 
light-gated electrostatic association with membrane phospholipids. Our findings 
collectively establish a new signal transmission mode for photosensory proteins, in 
which LOV photoreceptors with RGS and PAS effector domains rapidly localize to 
plasma membrane by light-gated electrostatic interactions with anionic phospholipids. 
Lipid interacting residues likely residue in an amphipathic helix located C terminally to 
the LOV sensor Ccap. Our demonstration of direct light-gated control over lipid-binding 
fundamentally expands the functional diversity of LOV photoreceptors, suggesting that 
evolution has exquisitely adapted LOV sensors to play roles in more physiological 
processes than was previously understood.  
 
5.1.3 Shortcomings of automated ontological function prediction for LOVs 
 
Primary effectors and LOV signaling roles are routinely inferred from the 
bioinformatics identification of conserved effector domains with the shortest polypeptide 
linker sequence to the sensor. While this definition facilitates automated discovery and 
functional annotation of LOV proteins, especially as reported in this thesis for a 
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bioinformatics database of 40+ million ORFs, our identification of an effector function for 
RGS-LOV-PAS that is not encoded by the nearest neighboring conserved domain 
highlights the inherent limitation of this definition. In Chapter 2, we described an 
approach for classifying associated LOV sensor and effector domains, regardless of 
order or domain stoichiometry, into functional-clusters. Importantly, sorting LOVs by 
functional cluster de-emphasizes the nearest neighboring effector function and instead 
considers complex interactions between multiple effectors in a single fused polypeptide 
that may produce nuanced physiological outputs that could not be driven by a single 
effector alone. Deducing ontological function by evaluating distributed structure/function 
along the entire length of a multi-domain LOV and not just a single sensor-primary 
effector pair also draws attention to stretches of structured amino acids that are not 
defined by known conserved domains but may still be critical for photoreceptor 
structure/function (e.g. lipid-binding amphipathic helices in RGS-LOV-PAS). Adoption of 
functional clusters as an alternative schema for representing LOVs may thus serve to 
facilitate accurate physiological inferences by examining classes of domain associations 
instead of individual instances.  
 
5.1.4 A new regulatory mode for RGS proteins 
 
 Future work that explores BcRGS5-Gα engagement, especially considering that new 
tools for genetic manipulation of Botrytis are in active development (200), may confirm a 
new fungal RGS signaling mode that is distinct from mammalian and plant regulatory 
modes. Dynamic localization of mammalian RGS is typically mediated by post-
translational modifications like phosphorylation, which can trigger the circulation of RGS 
between the membrane, cytoplasm and nucleus with a wide range of physiological 
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consequences (27, 98, 180, 225). Such dynamic localization occurs on the minutes-
timescale and is the end result of multi-step signaling cascades. Land plant RGS 
signaling is distinct in that the RGS is a sensory-gated 7-transmembrane receptor that is 
membrane-bound under basal conditions. Sugar sensing by the RGS receptor drives a 
signal cascade that ultimately results in the endocytosis and internalization of the RGS 
receptor, a sequestration event occurring over tens of minutes that drives sustained G-
protein signaling (229). Dynamic regulation of fungal RGS localization is unique as 
compared to both mammalian and plant modes in that is extremely fast – operating on 
the seconds time-scale – and directly sensory-gated, where blue-light is directly linked to 
a lipid-binding functional response without requiring an intermediary signaling cascade 
(Figure 5.1) 
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Figure 5.1 RGS signaling modes across multiple kingdoms of life 
As compared to plant and mammalian signaling modes, dynamic localization of fungal RGS is 
uniquely fast, and functional responses are directly sensory-gated.   
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5.1.5 Fungal LOVs employ diverse co-localization strategies 
 
Among the 5 kingdoms of life in which we identified LOV photoreceptors, fungal 
LOVs stood out for their noticeable lack of architectural diversity and lack of effector 
domains that are directly enzymatic. Instead, fungal LOVs rely on a small number of 
effector domains to mediate light-activated binding interactions. N and C terminal 
peptide flanks in fungal short LOVs can mediate protein-protein binding interactions as 
has been extensively reported for the fungal photoreceptor VIVID (33). Additionally, 
White Collar (WC)-1 has a GATA zinc finger effector, and via light-activated formation of 
the white collar complex (WCC), it drives DNA binding-interactions and transcription of 
light-responsive genes (33). While our bioinformatics identification of fungal 
photoreceptors with RGS effectors proximal to LOV sensors initially suggested the 
effector function could be direct enzymatic control by fungal LOVs over acceleration of 
GTPase activity by RGS effectors, ultimately, we have established in this thesis that 
RGS-LOV-PAS proteins are involved in light-activated lipid-binding. Thus, the RGS-
LOV-PAS family is yet another example of the diverse co-localization strategies 
employed by fungal LOVs to orchestrate multicomponent and multistep signaling 
pathways. 
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5.2 Future Directions 
 
5.2.1 Solving the BcRGS5 structure 
 
Live-cell assays in heterologous expression systems, controllable dynamic 
signaling assays in protocells using purified protein, in vitro spectroscopy and 
bioinformatics analysis supports our proposed photosensory signal transmission mode 
for BcRGS5. However, to unequivocally link functional signaling outputs induced by light 
to underlying protein biophysics and photochemistry, as a future direction, we aim to 
determine the structure for dark-state BcRSG5 by high-resolution solution NMR.  
 
Our finding that BcRGS5∆Nt∆RGS was permanently aggregated or membrane-
bound (Figure 4.5B-C), while BcRGS5∆Nt dynamically bound a phospholipid monolayer 
in protocells suggests that a complex choreography between three domains – RGS, 
LOV and PAS – is required for occlusion of a lipid-interaction site in the dark to maintain 
a high dark/light contrast ratio for membrane-binding. Based on the long helical linker 
that separates the LOV sensor from the C-terminal PAS homology fold and DLS and 
SEC-MALS data that support dark-state BcRGS5 existing as an elongated dimer, one 
might suspect a YtvA-like structure for BcRGS5, where a stable head-to-head dimer is 
stabilized by J-alpha helices that extend from dimeric LOV sensors as coiled-coils (156). 
However, no potential coiled-coil interactions were predicted in the LOV-PAS linker by 
PCOILS analysis (141). Alternatively, bacterial phytochromes like Cph2 have tandem 
GAF bidomains that turn back on long helical linkers such that the two domains are in 
close association (7). Similarly, tandem PAS-PAS domains in the sensory kinase LuxQ 
are separated by a long helix, but are oriented together as opposed to in an extended 
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confirmation (170). However, the linkers in Cph2 and LuxQ that can accommodate these 
close-packed domain structures are 30-50 residues in length, while the BcRGS5 LOV-
PAS linker is almost 2-3 times this length at 93 amino acids. By identifying relative 
domain orientations, the interfaces critical for dark-state dimerization and confirming a C 
terminal PAS domain assignment made through secondary and tertiary structural 
predictions, a high resolution dark-state structure could resolve lingering questions and 
yield new insights into LOV photoreceptor structure–function and the PAS sensory family 
as a whole. 
 
Although high-resolution structural methods like NMR and x-ray crystallography 
are challenging for membrane-associated proteins like lit-state BcRGS5, 
Hydrogen/Deuterium Exchange Mass Spectrometry (DXMS) is a robust technique that 
could help reveal which lit-state BcRGS5 residues are lipid-bound and thus address our 
hypothesis that AH1 plays a critical role in binding acidic phospholipids. DXMS monitors 
backbone amide hydrogen ion exchange with deuterium atoms for purified protein in 
D2O (29). Given that amides at lipid-bound interfaces are shielded from 
hydrogen/deuterium exchange, DXMS can provide medium to semi-high resolution in 
regions where proteins interact with lipid membranes (29). Thus, in combination with 
site-directed mutagenesis at AH1 and a dark-state structure, DXMS could shed light on 
the phospholipid-bound lit-state BcRGS5 structure, providing significant insight into the 
signal transmission mechanism responsible for light-activated membrane-recruitment in 
fungal RGS-LOV-PAS proteins. 
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5.2.2 Demonstrating that brown algal RGS-LOVs are blue-light sensors 
 
 Our bioinformatics identification of over 6,700 candidate LOV proteins revealed 
LOV photoreceptors with RGS effectors not only among dikarya fungi, but also among 
brown algal species. Despite their relatively recent discovery, RGS-LOV-PAS proteins 
have already emerged as the key suspect for the photoreceptor type that governs 
steering in brown algal negative phototaxis. Unicellular flagellate algae navigate with 
specialized optical devices known as “eyespots” that detect the intensity and direction of 
environmental light to drive adaptive behaviors to either move towards (positive 
phototaxis) or away from (negative phototaxis) light-sources to optimize photosynthesis 
with minimal photodamage (224). Different flagellate organisms rely on distinct 
photoreceptor classes and signaling mechanisms for proper eyespot function. In green 
algae, phototactic responses are mediated by retinal-binding sensory 
channelrhodopsins, which drive intracellular current generation in algal eyespots by 
conducting cations such as H+, Na+, K+ and Ca2+ (19, 191). LOV photoreceptors are 
also known to play critical roles in regulating phototaxis in green algae, most notably by 
controlling eyespot spot size and channelrhodopsin expression levels (224). In contrast, 
phototaxis in the unicellular flagellate Euglena is driven by BLUF photoreceptors with 
adenylyl cyclase effectors, which directly increase intracellular cAMP levels upon light 
exposure to mediate photoavoidance (106). 
 
The photoreceptor protein responsible for brown algal phototaxis has not yet 
been conclusively established. A combination of action spectra and 
microspectrofluorometry of isolated brown algal flagella suggest that the photoreceptor 
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responsible for brown algal phototaxis binds a flavin cofactor, and specifically FMN, 
which indicates that the photoreceptor is not a BLUF or crytptochrome, but could 
certainly be a LOV (71). Interestingly, evidence from proteomics and 
immunofluorescence imaging studies suggest that expression of the algal RGS-LOV-
PAS protein known as “helmchrome” is conserved only among brown algal phototactic 
swarmers, where it localizes to the paraflagellar body associated with phototaxis and co-
localizes with flavoprotein associated autofluorescence (71, 72). However, it still remains 
to be shown that the LOV domain in helmchrome, first identified from the genome of the 
brown algal species Ectocarpus siliculosus, is a bona-fide blue-light sensor (71). Given 
that phototaxis can be driven by Ca2+ and cAMP signaling, our results for fungal RGS-
LOV-PASs suggest a potential light-gated membrane-localization mechanism by which 
brown algal RGS-LOV-PAS protein could rapidly regulate G protein signaling pathways 
to mediate phototacic responses. Successful demonstration of algal RGS-LOV-PAS 
blue-light sensing and sensor-effector interaction would thus resolve decades of 
controversy surrounding the flavoprotein photoreceptor responsible for phototaxis that 
began when flavins were first suspected to be the pigment responsible for behavioral 
responses in brown algae 35+ years ago (56). 
 
5.2.3 Horizontal gene transfer of RGS-LOVs between fungi and brown algae 
  
Bioinformatics evidence for the existence of LOV photoreceptors with RGS 
effectors in both fungi and brown algae raises important questions regarding the 
evolutionary history of this LOV sensor-effector topology. Lichens, composite organisms 
consisting of filamentous hyphae living in symbiosis with algae, have been identified in 
the fossil record for 600 million years, and recent sequencing efforts suggest that 
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horizontal gene transfer events have occurred between fungi and algae over that same 
time period (17, 248). Systematic study of the evolutionary history of the chitin synthase 
family revealed putative virus-mediated gene transfer events between algae and fungi. 
Phylogenetic analysis identified an Ectocarpus siliculosus virus-like Chitin synthase 
(ESV) in the proteomes of Ascomycota fungi from the Sordariomycetes, 
Dothideomycetes and Eurotiomycetes classes as well as some Basidiomyte fungi from 
the Ustilaginomycetes class (79). Curiously, Eurocarpus siliculosus is the same brown 
algal species in which the RGS-LOV helmchome was first identified. Furthermore, fungal 
RGS-LOVs were similarly only found only in the Ascomycota classes Sordariomycetes, 
Dothideomycetes and Eurotiomycetes in addition to Ustilaginomycetes and two other 
Basiodiomycota classes  (Figure 3.1). It is possible that RGS-LOV-PAS proteins were 
shared between brown algae and dikarya fungi by virus-mediated horizontal gene 
transfer, or an alternative mechanism. Future genomic studies that can more 
conclusively address the evolutionary history of RGS-LOV-PAS proteins and identify 
possible horizontal gene transfer events is warranted. 
 
5.2.4 Engineering single-component tools for light-activated membrane localization 
 
Given their tunable kinetics and varied effector functions, natural or engineered 
LOV photosensors are also powerful optogenetic tools, which may be heterologously 
expressed in genetically targeted cells to control cellular physiology. Screening 
phylogenetic diversity to identify natural photoreceptor scaffolds with evolutionarily 
optimized structural designs for functional sensor-effector signal transmission is a 
valuable strategy for identifying high performance optogenetic tools. For example, the 
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natural LOV-HTH EL222 is a high-performance optogenetic transcription factor with 
light/dark ratios in transcriptional activity of >100-fold (163).  
 
Modular LOV photoreceptor design is also advantageous for engineering 
chimeras between LOV sensors with effectors of choice, enabling strategies for dynamic 
gain-of-function of arbitrary proteins in cells (160). For example, the robust 
photoactivatable-Rac1 (PA-Rac1) tool is a genetic fusion of the AsLOV2 sensor and 
Rac1, a Rho GTPase critical for the regulation of cell motility and growth among other 
cellular processes. Hahn and colleagues adapted light-inducible Ccap unfolding by 
AsLOV2 to engineer light-inducible relief of Rac1 from steric constraints (241). Since the 
report of PA-Rac1, dozens of additional engineered LOV optogenetic tools have been 
developed, including ones for blue-light control over peptide caging (140, 217), protein-
protein interactions (217, 244), nuclear localization (172, 244), apoptosis (171) and 
DNA-binding (216). 
 
Although approaches for light-activated membrane recruitment already exist for 
LOV, cryptochrome, and phytochome based optogenetic scaffolds, they rely on hetero-
dimerization between cytosolic and membrane-bound interaction partners (116, 217, 
223, 244) (Figure 5.2A). Since a lipid-binding effector is contained within the contiguous 
BcRGS5 polypeptide chain, chimeric fusions of cytosolic proteins to BcRGS5 could 
permit plasma membrane localization in a single-component tool (Figure 5.2B). This 
reduction in complexity would eliminate the need for stoichiometric tuning of expression 
levels of heterodimer components. Given rapid BcRGS5 membrane association kinetics, 
such a single-component optogenetic tool would also be fast, enabling high-performance 
tracking of dynamic blue-light pulse trains. 
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5.2.3 Engineering chimeric RGS-LOV-PAS for optogenetic control of G-protein 
signaling 
 
In addition to facilitating rapid membrane-localization for arbitrary effectors of 
choice, the natural BcRGS5 scaffold is also a reasonable starting point for specifically 
engineering new photosensitive RGS chimeras. Currently available optogenetic reagents 
for control over RGS signaling were engineered from modular cryptochrome parts to 
mediate dark-state sequestration of RGS in the cytoplasm and light-activated hetero-
dimerization at the plasma membrane, coincidentally a mimic of natural fungal  
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Figure 5.2 BcRGS5 is a valuable scaffold for optogenetic engineering 
(A) Current optogenetic tools for dynamic membrane recruitment rely on light-inducible 
heterodimerization between a membrane anchored component and a cytosolic component. (B) 
Chimeric fusions of BcRGS5 with arbitrary effectors of choice could enable light-inducible 
membrane association as a single-component tool. (C) Swapping the fungal RGS effector, inert in 
ammalian cells, for structurally similar human RGS domains could preserve light-activated 
function while conferring photosensitivity to an effector with potent activity on human G-protein 
signaling pathways relevant to disease (D) Preliminary results suggest that swapping the RGS 
domain in BcRGS5 for human RGS2 enables light-inducible inhibition of Gq-mediated Ca2+ 
release in HeLa cells (P. Hannanta-anan, unpublished). 
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RGS-LOV-PAS signaling (173). However, the reversion kinetics for cryptochrome 
heterodimerization are relatively slow (5-10 minutes), inherently limiting spatiotemporal 
control over RGS signaling (116, 173).  
 
An optogenetic tool that can track dynamic blue-light stimuli far more quickly 
could be engineered from the natural BcRGS5 scaffold by simply fusing a mammalian 
RGS domain of interest (e.g. RGS2 or RGS4) to either the N or C terminus of BcRGS5 
like any other arbitrary effector of choice. Since we found the fungal RGS effector to be 
relatively inert by AP-MS in mammalian systems, preserving its presence is unlikely to 
interfere with mammalian signaling, and given our results from a truncation analysis, 
preserving the BcRGS5 RGS effector would help to ensure a high light-dark contrast 
ratio for the photoreceptor (Figure 4.5B,C). In this manner, RGS subcellular localization 
could be coupled to blue-light regulation. An alternative design could involve swapping 
the fungal RGS effector for a mammalian one. A synthetic two-component system with 
the YF1 HisKA photoreceptor that generates 70-fold repression of gene expression 
under blue-light is based on a chimeric LOV engineered by substituting the cognate 
STAS effector from YtvA with a structurally similar HisKA (158). We could use a similar 
approach to alternatively generate a new photoresponsive RGS construct by swapping 
the fungal RGS effector domain for mammalian RGS domains that have potent activity 
on critical G-protein targets but similar enough structures to permit high contrast light-
activated membrane-binding (160) (Figure 5.2C).  
 
Heterologous expression of light-activated RGS tools in mammalian cell lines 
may be highly useful in teasing apart signaling pathways. Abnormal RGS function has 
been implicated in disease across diverse organ systems, and especially in the brain, 
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where dysregulated RGS protein activity is suspected to underlie Schizophrenia, 
Parkinson’s disease, anxiety, and other neuropsychiatric disorders (214, 221). Yet, it is 
pharmacologically challenging to selectively drug different members of this ubiquitous 
class of proteins because the “RGS box” responsible for contacting the G-alpha protein 
is highly conserved (195). A photoresponsive RGS would provide a new approach for 
probing RGS signaling via rapid and reversible activation and inhibition of RGS activity, 
effectively permitting transient knock-ins and knock-outs. For example, optogenetically 
stimulating RGS function with consistent timing would reduce the likelihood that any 
observed changes in signaling were derived from compensatory activity by other RGS 
subtypes or signaling proteins. Preliminary results suggest that swapping the BcRGS5 
RGS effector domain for mammalian RGS domains with similar structures in an 
engineered tool is a valid approach for achieving dynamic RGS protein-specific control in 
cells (Figure 5.2D) (P. Hannanta-anan, unpublished). Further development of this new 
signal component tool could enable dynamic RGS protein-specific control in vivo that 
would be highly useful in establishing causal mechanistic links to downstream 
phenotypes. 
	
5.2.6 A path to other LOV photoreceptors of novel lipid-related function 
 
In addition to our bioinformatics identification of a surprising number of RGS-
LOV-PAS proteins among dikarya fungi and brown algae, another class of LOV 
photoreceptors with lipid-related function stood out, namely photoreceptors with LOV 
sensors with primary SGNH hydrolase (which we will henceforth refer to as “lipase”) 
effector domains identified in prasinophyte algae. Lipase domains are a broad family of 
enzymatic protein modules that catalyze the cleavage of ester bonds in a diverse array 
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of lipid substrates and are involved in a number of critical biological processes, ranging 
from lipid metabolism to cell signaling and stress responses (4, 31). Preliminary data 
indicate that purified, recombinant Lipase-LOV protein from Dolichomastix tenuilepis 
binds a flavin cofactor and photocycles in blue-light (Figure 5.3A-D). Purification of the 
isolated lipase effector fused to a NusA solubility tag revealed that it has weak enzymatic 
activity on a commercially available p-nitrophenyl derivative of a C16 fatty acid, a 
common substrate with broad reactivity with a number of enzymes across multiple lipase 
subfamilies (Figure 5.3E), Aligning the Lipase-LOV photoreceptor sequence to known 
lipase subfamilies indicated that PAF-acetylhydrolase-like lipases are the closest 
homologs at the sequence-level. Therefore, on structural grounds, it was reasonable to 
evaluate of Lipase-LOV for PAF-acetylhydrolase-like activity at the sn-2 position of 
phospholipid substrates. The NusA-fused isolated lipase effector only showed weak sn-2 
cleavage activity (KM ~ 25 uM) on the PLA2 reporter Dabcyl-BODIPY-
phosphatidylcholine, which relieves Dabcyl quenching of BODIPY fluorescence when 
cleaved at the sn-2 position of its acyl chain glycerophospholipid, thus permitting the 
real-time monitoring of lipase activity (65) (Figure 5.3F). However, DPBC has a long-
chain at the sn-2 position. Since PAF-aceytlhydrolases have optimal activity on short sn-
2 chains, we intend to evaluate alternative substrates as future work. 
 
When transiently expressed in the mammalian CHO cell line, we found that the 
Dolichomastix tenuilepis Lipase-LOV localizes to subcellular structures that resemble 
crystalloid Endoplasmic Reticulum (ER) (Figure 5.3G). Crystalloid ER biogenesis is 
typically triggered by the overexpression of an ER membrane protein, which is packaged  
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Figure 5.3 The Lipase-LOV photoreceptor from D tenuplis contains a blue-light 
sensor and an effector with weak lipase activity 
(A) The full-length Lipase-LOV protein from D tenuplis was cloned as a NusA fusion for soluble 
production in E Coli and contains both a putative lipase effector and a predicted LOV sensor. 
Affinity purification of 6-histidine tagged Lipase-LOV yielded (B) a pure protein (as determined by 
SDS-PAGE), with (C) a canonical LOV dark-state absorbance spectrum indicative of blue-light 
absorabnce, that (D) photocycles in blue-light. A dark-mutant (C336A) does not photocycle. (E) 
Purification of a C terminal truncation mutant (∆259-418) that removed the LOV sensor resulted in 
a constitutive active lipase effector with weak lipase activity on a p-nitrophenyl palmitate substate. 
The NusA-lipase effector fusion cleaved p-nitrophenyl palmitate, as detectable by an increase in 
p-nitrophenyl absorbance at 405 nm, at a faster rate than a NusA negative control but was weak 
in comparison to the highly active wheat germ lipase. (F) The NusA-lipase effector fusion cleaved 
the PLA2 reporter Dabcyl-BODIPY-phosphatidylcholine as monitored by an increase in 
fluorescence (ex 488, em 515) relative to controls that reports cleavage at the sn-2 acyl-chain 
position (as indicated by the arrow) by relief of Dabcyl quenching of BODIPY fluorescence. DPBC 
structure adapted from Figure 1 of reference (65) (G) Lipase-LOV fused to GFP was expressed in 
the Chinese Hamster Ovary (CHO) mammalian cell line. Reporter imaging is consistent with the 
formation of cystalloid ER for Lipase-LOV, as is typified by the expression pattern of HMG CoA, 
imaged by immuno-fluorescence  (taken from Figure 4B of reference (179)), which is not 
observed for a uniformly expressed control such as GFP. 
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into crystalloid tubules as it is actively synthesized and may even be responsible for 
introducing binding interactions that stabilize the smooth ER cisternae that are cystalloid 
ER precursors (22). The preliminary data therefore suggest that Lipase-LOV naturally 
traffics via the mammalian endomembrane system, which implicates a possible 
physiological function in the endomembrane system of the prasinophyte species from 
which it is derived. Prasinophytes are scaly green flagellates with scales comprised 
mostly of acidic carbohydrates resembling plant rhamoglacturan II. Interestingly, these 
polysaccharide scales are synthesized by the endomembrane system (153). 
Furthermore, rhamnogalacturonan acetyl esterases, members of the same proposed 
structural lipase subfamily that includes PAF-acetylhydrolases, are known to cleave 
rhamnogalacturonan polysaccharides (161, 169). Thus, given empirical data involving 
Lipase-LOV endomembrane localization, prasinophyte endomembrane scale synthesis, 
rhamoglacturan scale composition, and structural similarity of the Lipase effector to 
rhamnoglacturonan acetyl esterases, on physiological grounds, it is reasonable to 
suggest that Lipase-LOV may cleave complex polysaccharides in its native setting 
(personal communications with Dr. Michael Melkonian, University of Cologne, Germany).  
 
Despite our accumulation of data supporting enzymatic activity for the isolated 
lipase effector domain, it remains to be shown that LOV sensors can engage in direct 
signal transmission to their fused lipase effector domains as predicted by their 
bioinformatics association in a contiguous open reading frame. The most prevalent and 
well-studied LOV photoreceptors have functional roles in signaling (e.g. phototropins, 
LOV-histidine-kinases), transcriptional regulation (e.g. aureochromes, LOV-Helix-Turn-
Helix proteins) and regulating protein-protein interactions (e.g. short LOVs, LOV-Fbox-
Kelch proteins). In contrast, LOV photoreceptors with effectors that synthesize 
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biomolecules (other than cyclic nucleotides) are rare (77). Therefore, biochemical 
validation of a blue light sensitive enzymatic lipase with phospholipid substrates could 
represent a major expansion of the range of molecules and chemistries that LOV 
photoreceptors have evolved to process. Furthermore, Lipase-LOV proteins were found 
in early-diverging prasinophyte green algae that have only recently been sequenced 
through collaborative next-generation sequencing efforts (77). Successful demonstration 
of light-activated lipase activity would thus direct attention to green algae as a rich 
source for photobiological studies and could have a proliferative benefit for future 
photoreceptor discovery and research. 
 
5.3 Concluding Remarks 
 
Collectively, this thesis illuminates the value of conducting broad genomic 
surveys of organisms from various ecological niches to establish the functional diversity 
of sensory proteins. Our bioinformatics identification of over 6,700 candidate LOV 
domains nearly tripled the number of reported LOV sequences, and sensor-effector 
annotation of the LOV database revealed predicted sensor-effector topologies that were 
previously unknown or considered rare. Our experimental characterization of RGS-LOV-
PAS photoreceptors demonstrated for the first time to our knowledge direct light-gated 
control over lipid-binding by a natural photoreceptor family. Continued study of the RGS-
LOV-PAS protein class using advanced structural biophysics techniques will further 
inform models of sensor-effector signal transmission, while signaling studies in native 
fungal organisms will address the hypotheses we have currently put forth regarding the 
physiological consequences of dynamic subcellular localization.  Beyond its relevance to 
fungal signaling, BcRGS5 is a scaffold for optogenetic tool design and future engineering 
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work could lead to the development of a suite of proteins that could be used to precisely 
perturb human G-protein signaling to tease apart signaling pathways critical in disease.  
 
Our experimental characterization of RGS-LOV-PAS proteins importantly 
validates the bioinformatics approach we have used to computationally identify new LOV 
sensors, and suggests that the LOV catalog we have developed is a rich database that 
should be additionally mined in the future. Already, we have identified Lipase-LOV 
proteins as second example of LOVs with lipid-related function and begun to 
experimentally characterize the protein class. However, our work with RGS-LOV-PAS 
importantly highlighted that effector functions critical to photoreceptor performance may 
not necessarily be encoded by the conserved domain that most closely neighbors the 
LOV sensor. Adaptation of alternative schema to represent LOVs, such as “functional 
clusters,” may alleviate the tendency to oversimplify LOVs to single sensor-primary 
effector pairings and better reflect long-range intramolecular interactions that may be 
important for function.  
 
In summary, by combining bioinformatics data with biochemical, biophysical and 
cell biological experimental approaches using both purified molecules and live-cells, this 
thesis has advanced our collective understanding of cellular adaptation to 
photobiological signals, may lead to the development of new optogenetic tools, and has 
created a foundation for uncovering new principles and insights into LOV photoreceptor 
structure/function.  
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APPENDIX 
 
A1 Supplemental Methods 
 
A1.1 Transcriptome quality control 
 
The quality of the assembled contigs from de novo transcriptomes was assessed 
using TransRate (www.stevekellylab.com/software/transrate) using the program default 
settings. The program estimates the probability that a contig is both structurally complete 
and derived from a single transcript (as opposed to a hybrid of two or more) by (i) 
mapping paired raw transcriptome reads to it, (ii) computing the proportion of those pairs 
that consist of two reads oriented inwardly and completely contained within the 
assembled transcript, and (iii) estimating the probability that the read coverage is best 
modeled by a single Dirichlet distribution. Contigs that did not properly associate with 
mapped reads of uniform coverage (probability of uniform coverage < 0.05) were 
removed from the bioinformatics pipeline (1 sequence or 0.015% of the total dataset).  
 
The quality of the assembled contigs from de novo transcriptomes was 
additionally assessed via genome–transcriptome comparisons. Fully sequenced 
genomes and corresponding proteomes of LOV-containing species were accessed from 
NCBI and Uniprot for Amborella trichopoda and Ricinus communis strains and then 
passed through the bioinformatics pipeline in Fig. 1. These two organisms were chosen 
as ones with well-annotated genomes because their draft genome sizes were >90% the 
hypothetical size (87, 88). For each species, the LOV candidates from the two sources 
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were aligned with BLAST. Homologous sequences were manually examined for 
equivalent domain architectures, and the putative gene product matches are 
schematically compared in Fig. S1. Splice site prediction in the plant transcripts was 
performed using the SplicePort server and a score threshold of –0.85, which 
corresponds to a sensitivity of 97.7–98.9% and a false positive rate of 7.0–8.3% (89). 
 
A1.2 Redundancy analysis 
 
To evaluate the degree to which in-frame point mutations, deletions, and 
additions contribute to double counting otherwise identical photoreceptor sequences, all 
reported LOV proteins identified for a given organism were clustered with the CD-HIT 
tool (www.bioinformatics.org/cd-hit/) at varying thresholds (81, 82). Pairs with similarity 
scores greater than the allowable similarity threshold were considered theoretically re- 
dundant and collapsed into a single consensus sequence (Fig. A3.4). The longest 
sequence in a given group of matched sequences was considered to be the “parent 
sequence” and shorter sequences to be “child sequences.” The fully annotated database 
of parent sequences only for a similarity threshold of 0.9 (CD-HIT default setting) is 
available as a spreadsheet tab in Dataset S4, with child sequences listed as an 
additional column.  
 
A1.3 Resampling analysis 
 
A resampling analysis tested if the discretized linker length pattern characterized 
by tight clustering observed for GGDEF and HisKA effectors over a large range of linker 
lengths was beyond what would be expected by random chance. The analysis 
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proceeded as follows: (i) Observed linker length distributions of size n were k-means 
clustered in one dimension and the total variance across all clusters found was 
recorded; (ii, a) a Gaussian kernel smoothing function was applied to the observed linker 
length distribution to estimate the underlying probability density function; (ii, b) the 
estimated probability density function was drawn from n times to compile a “randomized” 
linker length dataset; (ii, c) k-means clustering in one dimension was run for the 
randomized dataset and the total variance across all clusters found was recorded; (ii, d) 
steps ii, b and c were repeated 10,000 times to build the null distribution, which was the 
range of total variances expected if the linker length dataset was drawn at random from 
the same underlying probability density function as the observed data; and (iii) the 
observed total variance was compared with the null distribution. One-tailed P values 
were calculated as the fraction of variances in the null distribution smaller than the true 
variance.  
 
A1.4 Summary of bioinformatics prediction-tools used 
	
Prediction	tool	 Application		 Reference	
	
IUPRED	
	
Intrinsically	unstructured/disordered	protein	
prediction		
	
(55)	
TMHMM	 Transmembrane	helix	prediction	 (122)	
PSIPRED	 Secondary	structure	prediction	 (150)	
JPRED	 Secondary	structure	&	solvent	accessibility	
prediction	
(42,	46)	
i-TASSER	 Secondary	structure	&	solvent	accessibility	
prediction	
(242)	
Phyre2	 Secondary		&	tertiary	structure	prediction	 (114)	
HeliQuest	 Lipid-binding	amphipathic	helix	prediction	 (74)	
PCOILS	 Coiled-coil	prediction	 (141)	
pFAM	 Conserved	protein	domain	prediction	 (67,	68)	
Rosetta	 	De	novo	tertiary	structure	prediction	 (25,	185)	
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A2 Supplemental Text 
 
A2.1 Supplemental Text 1 
 
Figure A3.1 shows comparisons between putatively matching draft genome-
derived and de novo transcriptome-derived candidate sequences from A. trichopoda and 
R. communis. Five candidate genes of identical functional cluster repertoires were 
identified in the draft genome for both organisms. All transcriptome-derived sequences 
had a clear genomic match, but given that only highly expressed transcripts are 
successfully assembled, only five LOV photoreceptor transcripts were identified in total 
between the two species (Figure A3.1 A and B). Two of the transcripts were identical in 
sequence and length to the genome-predicted counterpart. A. trichopoda match #4 
differed in predicted versus actual splice sites; the apparent “deletion” in the transcript 
versus the genome-predicted product was exactly flanked by independently predicted 
splice sites (Figure A3.1C). A. trichopoda match #5 differed because of a frame shift, 
with either a two-base deletion in the transcript contig (position 295) or two-base addition 
in the genome read; the sequences were 100% homologous upstream and downstream 
of the site (Figure A3.1D). Without isolating the protein from the native organism, the 
following remain possible origins of the frame shift: (i) the genome or transcriptome 
assemblies, (ii) genome or transcriptome sequencing errors (Illumina sequencers were 
used in both cases), or (iii) natural sequence variation from different samples of the 
same organism. Lastly, differences in R. communis match #5 were attributable to start 
codon variation as well as missing genomic sequences (denoted as “?” in the draft 
genome) (88) (Figure A3.1E).  
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None of the matching pairs showed any differences in functional cluster 
architecture, linker length, and sequence between any conserved domains, or the C 
terminus. In summary, we conclude that the de novo transcriptome assemblies here are 
in strong agreement with the predicted proteomes of next-generation sequencing-
derived draft genomes and that differences are reasonable within the limits of natural 
variation (splice variants, sample specificity, tissue specificity, etc.) and accuracy of 
predicted start codon and intron/exon during draft genome assemblies.  
 
A2.2 Supplemental Text 2 
 
Dataset S4 is a resource that consists of putative LOV photoreceptors that have 
been annotated and analyzed. It consists of protein sequences sourced from two 
databases: Interpro (see www.ebi.ac.uk/interpro/) and OneKP 
(https://sites.google.com/a/ ualberta.ca/onekp/). The tab labeled “All_sequences” 
contains the >6,700 LOV photoreceptors identified by the bioinformatics pipeline. The 
tab labeled “Non-redundant” contains only consensus sequences identified through a 
clustering analysis (see Appendix A1 Supplemental Methods).  
 
Spreadsheet Fields.  
 
Database source. The database source specifies from where the protein sequence was 
sourced. 
 
Sequence ID. The sequence ID specifies a unique ID number attached to each protein 
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sequence analyzed. For Interpro protein sequences, this number may be used as a 
search term to pull up further information in Uniprot (www.uniprot.org). For OneKP  
protein sequences, this number reflects a unique identifier generated during next-
generation sequencing and transcriptome assembly. 
 
GenBank ID. The corresponding GenBank ID for each protein sequence is listed. It may 
be used as a search term to pull up the sequence entry in the GenBank database 
(www.ncbi.nlm.nih.gov/ genbank/). GenBank accession numbers marked with a hash 
sign (#) correspond to assembled contigs with multiple reading frames; this may 
represent a frame-shift mutation at the raw sequencing read level or be a consequence 
of natural variation.  
 
Primary structure. The primary structure is the sequence of amino acids that comprise 
the ORF within which a putative LOV photoreceptor was identified. See Methods for the 
ORF definition.  
 
GXNCRFLQ. The consensus flavin-adduct LOV protein motif is GXNCRFLQ. This field 
identifies the actual putative flavin-adduct binding sequence for each photoreceptor 
identified, which may differ from the consensus sequence to a variable degree.  
 
Protein length. The protein length is the length of the putative photoreceptor in the amino 
acids.  
 
Domain structure. This is a text-based representation of the domain structure of each 
LOV photoreceptor analyzed and is presented in the form “Domain Type: (starting 
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location, stopping location).” All domains are listed in order from the amino (N) to 
carboxy (C) terminus, with arrows between domains indicating an amino to carboxy 
direction. Domain names are generated directly from either the pFAM or Interpro 
conserved domain databases. For further information about each domain type, please 
search these conserved domain databases with the domain type name given.  
 
Functional cluster. The functional cluster is the domain composition for a LOV 
photoreceptor, independent of domain order and repeats. Domains are listed in 
alphabetical order. Full names of effector abbreviations are provided in Dataset S2.  
 
Primary effector. The primary effector is the nearest neighboring effector domain to the 
LOV sensor in the linear polypeptide sequence. Full names of effector abbreviations are 
provided in Dataset S2.  
 
Primary effector gene ontology. The primary effector gene ontology is the corresponding 
GO for the primary effector domain, as de- scribed by pFAM and Interpro database GO 
assignments. Linker length. This is defined as the number of amino acid residues that 
separate the primary effector domain from the LOV sensor in the linear polypeptide 
sequence.  
Number of predicted transmembrane helices. Each sequence was run through the 
TMHMM2.0 transmembrane helix prediction pro- gram, and the number of predicted 
transmembrane helices is reported.  
 
Transmembrane helix topology. The transmembrane helix topology is the ropology of 
predicted transmembrane helices from the TMHMM2.0 program where both orientation 
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and position are listed. “i” indicates a loop on the inside, and “o” indicates a loop on the 
outside. A topology of “i10-32o50-72i” would correspond to a set of two helices where 
the first is predicted to start on the inside and go from residues 10–32 and end outside 
the mem- brane. The second predicted helix would continue outside and begin at 
residue 50. It would continue to residue 72 and end on the inside (80).  
 
Kingdom. LOV photoreceptors were assigned to one of six kingdoms: bacteria, fungi, 
protists, land plants, archaea, or unknown. Phylum. The phylum was assigned to a LOV 
photoreceptor via an automated search of the NCBI Taxonomy browser. Missing NCBI 
taxonomy entries were supplemented according to Algaebase and the ITIS.  
 
Class. The class was assigned to a LOV photoreceptor via an au- tomated search of the 
NCBI taxonomy browser. Missing NCBI taxonomy entries were supplemented according 
to Algaebase and the ITIS.  
 
Family. The family was assigned to a LOV photoreceptor via an automated search of the 
NCBI taxonomy browser. Missing NCBI taxonomy entries were supplemented according 
to Algaebase and the ITIS.  
 
Genus. For LOV photoreceptors identified from the Interpro database, the genus was 
assigned to a LOV photoreceptor via an automated search of the NCBI taxonomy 
browser. Missing NCBI taxonomy entries were supplemented according to Algaebase 
and the ITIS. For LOV photoreceptors from the OneKP database, information about the 
genus was supplied with each tissue sample to be sequenced.  
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Species. For LOV photoreceptors identified from the Interpro database, the species was 
assigned to a LOV photoreceptor via an automated search of the NCBI taxonomy 
browser. Missing NCBI taxonomy entries were supplemented according to Algaebase 
and the ITIS. For LOV photoreceptors from the OneKP database, information about the 
species was supplied with each tissue sample to be sequenced.  
 
Child transcript variant sequences. All reported LOV proteins iden- tified for a given 
organism were clustered with the CD-HIT tool at the default threshold (see SI Methods) 
Pairs with similarity scores greater than the allowable similarity threshold were 
considered theoretically redundant and collapsed into a single consensus sequence 
(Fig. A3.4). The longest sequence in a given group of matched sequences was 
considered to be the parent sequence and shorter sequences to be child sequences. In 
the “non- redundant” tab of Dataset S4, an extra column lists the child sequences for 
each consensus parent sequence.  
 
Scripts. There is a script available for common search needs. The script is written in the 
python language. Python must be installed for this script to properly run. Dataset S4 
must also be located in the same folder as the python script for proper function. The 
script allows the user to perform a defined query and offers output either to a print 
screen or in an excel spreadsheet format. See the script in Dataset S5. Instructions for 
using the script are provided within the script and are distinguished from sur- rounding 
commands by the # symbol. The script searches only the “All_sequences” tab in Dataset 
S4.  
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Figure A3.1 Comparisons between candidate gene sequence matches derived from 
the genome and transcriptome of the same organism.  
De novo transcriptome assembly quality does not affect reported LOV photoreceptor domain 
topologies. (A and B) Comparison of candidate sequence annotations for organisms represented 
in OneKP that also possess draft genomes of similar size to predicted genome sizes, (A) A. 
trichopoda and (B) R. communis, each with five unique genome-derived LOVs. Transcriptome-
derived sequences had a genome-derived match based on domain combinations and order. 
Because only highly ex- pressed transcripts are successfully assembled, half the genome-
predicted candidates were found in the transcriptomes. Percentages represent protein se- 
quence homology between matches. (C–E) Observed differences were attributable to 
assignments of splice site (A. trichopoda match #4) or attributable to raw sequence read of either 
the genome (R. communis match #5) or transcriptome (A. trichopoda match #5).  
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Figure A3.2 LOV-GGDEF linkers are extended coiled-coil regions.  
 
A representative trace of coiled-coiled probability as a function of sequence position is shown 
based on PCOILS prediction analysis with an analytical window size of 14. Sensor and primary 
effector domains are overlaid for clarity. The average coiled-coil probability of the linker region 
shown is nearly unity.  
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Figure A3.3 Resampling analysis to test statistical significance of linker length 
clustering.  
(A) Overview of resampling methodology, shown with linker lengths for the F-box effector domain 
as an example. (B) P values calculate the likelihood that a randomly resampled dataset will form 
clusters with as small or smaller variance as the observed linker length dataset, where P values < 
0.05 are considered significant. GGDEF and HisKA linker length distributions exhibit linker length 
clustering more tightly than what would be expected by random chance (P < 0.001) for a linker 
length distribution with the corresponding range.  
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Figure A3.4 Relative redundancy is the same across databases.  
 
(A) Percentage of LOV photoreceptor sequences from each database that would be considered 
redundant and collapsed into a single sequence according to a given similarity threshold. Similar 
percentages of redundant LOV pho- toreceptors were derived from each source for all similarity 
thresholds tested. (B) Clustering of redundant sequences into consensus parent sequences 
reduces the dataset size by ∼20%, similarly for both OneKP and InterPro. (C) Key finding metrics 
are similar between the nonclustered dataset (i.e., all candidates) and the clustered parent-only 
dataset, including the prevalence of the five most commonly found conserved domain effectors, 
as well as domain architectures susceptible to truncation artifacts in redundant sequences (short 
LOV and LOV with no identifiable conserved domain effector).  
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A4 Supplemental Datasets 
 
Dataset S1 
Training and test sets for motif analysis and validation. (A) MEME analysis training 
dataset of 18 LOV proteins selected to span a range of physiological functions, 
organisms of origin, and ecological niches and validated to photocycle. (B) MAST test 
dataset of 21 LOV proteins validated to photocycle. (C) Ligand-binding PAS-fold proteins 
chosen as negative comparators to validate algorithmic discrimination between LOV and 
structurally similar non-LOV PAS proteins. 
 
Dataset S2 
Effector domain abbreviations  
 
Dataset S3 
LOV domain-based signaling can be described by a set of functional clusters. Functional 
clusters are categorized by effectors present but do not take into account relative 
positions or frequency of occurrence within one linear polypeptide. The relative 
distribution among >6,700 LOV-containing proteins, and the most common architecture 
for each functional cluster, are provided. 
 
Dataset S4 
Catalog of functional and topological diversity of LOV domain photoreceptors. The text-
searchable database contains the (i) sequence of each putative LOV protein identified, 
(ii) flavin-binding motif, (iii) primary effector and ontological function, (iv) sequence and 
position of all conserved domains, (v) multi-domain cluster architectures, (vi) linker 
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length, (vii) taxonomy of organism of origin, (viii) presence of likely integral membrane 
proteins, and (ix) in the “Non_redundant” tab, a list of shorter sequences considered to 
be redundant with the parent sequence listed. 
 
Dataset S5 
Supplemental script for automated data extraction. 
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